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GEOLOGY AND URANIUM DEPOSITS OF THE LAGUNA DISTRICT, NEW MEXICO 

By RoBERT H. MoENCH and JoHN S. ScHLEE 

ABSTRACT 

The Laguna district, about 50 miles west of Albuquerque, 
N. Mex., forms the southeast end of the Southern San Juan 
Basin mineral belt, a west- to northwest-trending zone of 
uranium deposits associated mainly with stratigraphic and tec
tonic structural features of Jurassic age. The belt roughly 
conforms with the north margin of the Jurassic l\Iogollon High
land. Within the district are the Jackpile uranium deposit, 
containing many million tons of ore, and several other large 
uranium deposits; all the deposits are in the Jackpile sand
stone, the uppermost unit In the ~Iorrison Formation of Jurassic 
age. Several small deposits are in sandstone strata of the 
lower part of the llorrison Formation, in the limestone of the 
Todilto Formation, or in the Entrada Sandstone, also of Jurassic 
age. Only the Jackpile mine, however, produced significant 
amounts of uranium ore prior to 1962. Between about 1956 
and 1960 it was the largest single producer of uranium in the 
United States, and possibly in the world. 

Sedimentary rocks exposed in the Laguna district range in 
age from Triassic to Late Cretaceous. From oldest to youngest 
these are the Chinle Formation of Late Triassic age; the 
Entrada Sandstone, Todilto Formation, Summerville Formation, 
Bluff Sandstone, and l\Iorrison Formation of Late Jurassic age; 
and the Dakota Sandstone and the intertonguing strata of the 
Mancos Shale and ~Iesaverde Group of Cretaceous age. The ex
posed column totals about 3,800 feet in thickness, of which about 
1,800 feet is Jurassic strata. Before deep erosion began in 
Tertiary time, the Jurassic rocks were buried by possibly a mile 
of Cretaceous rocks and an additional unknown thickness of 
lower Tertiary rocks. 

In Triassic time the bentonitic mudstone beds of the Petri
fied Forest l\Iember of the Chinle Fonuation accumulated on a 
broad alluvial flood plain to an aggregate thickness of more than 
1,000 feet. In part, these sediments represent altered and re
distributed volcanic ash. Sandstone and conglomerate of the 
Correo Sandstone l\Iember of the Chinle, generally less than 
100 feet thick, were then deposited by streams that flowed from 
the southeast. 

After a period of erosion. the l<Jntrada Sandstone accumulated 
In Late Jurassic time. This formation is divisible into thre<> 
distinct Units: a discontinuous basal unit of sandstone and 
sparse conglomerate locally more than 30 fet't thick; a medial 
unit of Interbedded mud~tone. siltstone. and sandstone 35-85 
feet thick; and an upper unit of sandstone 80 to nearly 200 feet 
thick. Sands of the two sandstone units evidNltly were tnms
portetl by strenms flowing northward from tlu' .Jurassic l\Iogol
lon Uighlnnd, but llltt'r tlw sands wei"(' !"('WOrked by persistent 
north winds to form eolinn dt'posits hnving dominantly south
dipping crossbedding. Sueh winds pos.<ibly blew onshore from 
a large body of water to the north. With the southward ad· 

vance of this sea between the two stages of sand deposition, the 
mud, silt, and sand of the medial unit accumulated. 

The upper part of the upper sandstone unit was altered from 
red to white, possibly shortly after deposition. This alteration 
was accompanied by the breaking down of detrital opaque min
erals and the leaching of iron, vanadium, possibly uranium, and 
several other elements. 

The TodiJto Formation then accumulated in a shallow but 
extensive lake, or possibly in a sea embayment. Widespread 
deposits of laminated to massive limestone as much as 35 feet 
thick accumulated first; then lenticular deposits of gypsum as 
much as 60 feet tbiclr were precipitated locally. 

The Summerville Formation is characterized by contrasting 
poorly sorted matrix-rich sandstone and well-sorted sandstone. 
The matrix-rich sands may have accumulated from sheet washes 
and mudflows on n subaerial mudflat. These sands may have 
been reworked during successive shallow inundations, during 
which the fine-graiJled matrix material was winnowed out and 
the sorting greatly improved. 

The Bluff Sandstone, which ranges from less than 200 to 
nearly -100 feet in thickness. was laid down during a time when 
wind action was incr~>asing. Its lower part. characterized by 
alternating horizontally stratified and cross-stratified units, 
probably represents combined allu.-ial and eolian sedimentation 
briefly interrupted by shallow marine inundations. Its upper 
part, characterized by ,·ery large scale cross-stratification that 
dips consistently and steeply eastward, is dominantly eolian. 

The ~Iorrison Formation sedimentation began when the proc
esses changed abruptly from eolian to dominantly alluvial. This 
fonnation, which is locally 600 feet thick. is divisible into four 
units: in ascending order, the Becapture, Westwater Canyon 
and Brushy Basin Members, and the Jackpile sandstone of eco
nomic usage. The Recapture l\lember, which is generally less 
than 100 feet thick, is composed of thinly int~>rstratified vari
colored mudstone, siltstonP, sandston<', and limestone that were 
deposited in slow-moving streams and scattered lakes on a broad 
alluvial plain. The \Ve:,iwnter Canyon ~Iembl.'r, which is locally 
more than 100 feet thick, is composl'tl. of very pale orange fine
to coarse-grained cross-stratified nrkosic sandstone of alluvial 
origin: it represPnts a major rejun'nation of the source area to 
the southwest. The Brushy Basin ~l!'lllber is an extensh·e unit 
as lllll<'h as 300 feet thick; it is composl.'d of grayish-green ben
tonitic mudstonE>, in part rl'prl.'sl'nting altl'rt'd and redistributed 
volcanic ash, and subordinate thin units of arkosic sandstone. 
Thest• materials probably accumulated on a broad gradually 
subsiding nlluvial flood vlain. '.rh.- Jackpile sandstone is a 
northt'ast·tl"('uding body of nearly white line- to lll!'tlitun-grained 
t'ross-strntified sandston<' as mueh as 13 mil<'s witll'. at least 
:!3 mill's long. nnd loeally more thnn :wo fl'l't thick. It was 
deposited by n system of streams that flowl'tl northeastward 
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along n syncline that broadened and dPe)lCne<l during 
!!edim<'nlnti()n. 

Morrison SL'!lim£'ntntiou wns follow<•<l by a long 'J>eriod of 
t•roHiou und WNlth('oring, During this peri{)(\ tlu• rPgiou was 
tilted gt•ntly northwnr<l, ant! llll t•xt~'n"in• t>ro><i<>n ~urface formed 
that trnnentes sucn•ssiYely older strnta southward. Sandstones 
directly ht•low this "nrfue<> wPre weathered nnd knolinlzed. 

Accmunlation of lhtYial. pnlndal, and other near-shore de
i>"sits of th<• Dnl;obt Saudst011t• preceded tilt• nd,·ane<> of the 
l\inncos sea in TJute Cretaceous timE>. Intertonguing strata of 
the l\faucm; Shale mul :\It•s:n·ertl!' Group then aecnmulated dur
ing sn<•ce-ssive trnus-g-rPs:·dons and rPgrt?8sions of this sen. Pro'lJ
ubly more than r..ooo ft-et of ('rptnc<'ous bi:ratll was laid down, 
and on this an unknown thicknt>ss of early Tertiary sediments 
was dt•JlOSi ted. 

Exposed igenous rocks, which are of late Tertiary to Quater
nary age, consist of basalt plugs, n succession of basalt flows 
that cap eroded pediments at severalleYels aboye the lowest level 
of drainage, and pyroclastic deposits of acidic to intermediate 
composition tbnt are interstrntified with the oldest flows. These 
rocks constitute part of the :\l()unt Taylor volcanic field, most 
of which lies northwest of the district. In addition, diabase 
sills and dikes, apparently unrelated to the '!'olcanic field, are 
exposed in the central and southern parts of the district. Ex
cept for the volcanics of the 1\Iorrison F()rmation, the diabase 
is probably the oldest igneous rock of the district; sills and dikes 
hn ve locally intruded and metamorphosed uranium deposits and 
have apparently pyritized much of the Blufl' and Entrada 
Sandstones. 

The district is in the southeast corner of tbe San Juan Basin 
of the Colorado Plateau. Cretaceous strata near the major 
uranium deposits dip gently northwestward into the basin. The 
north-trending San Ignacio faulted monocline marks thE' bound
ary between the Colorado Plateau and the Ri()Grande depression 
to the east. Three general periods of tectonie activity are rec
ognized: (1) gentle folding in Jurassic time, (2) regional tilting 
and gentle folding in early Tertiary time, and (3) regional join
ing, faulting, and igneous activity in Inter Tt>rtiary and possibly 
Quarternary time. 

The Jurassic deformation produced two sets of low-amplitude 
folds, the major set trending east to northeast. the other, north
northwest. This folding was accompanied bF Intern! flowage 
of unconsolidated limestone of the Todilto Formation into the 
synclines, and the flowage, in turn, produced the variety of intra
formational folds and faults that chnracter!R that unit and 
resulted in the thickening of limestone in the l\YDCiines. ·Fold
ing was also accompanied by slumping and inmnnl faulting of 
unconsolidated clastic sediments and by the formation of hun
dreds of peculiar cylindrical subsidence fentves called sand
stone Jlipes. Folding also markedly influencell Jurassic sedi
mE>ntntion, particularly of the Jackpile snndstellll!. 

Early Tertiary deformation produced the major Ct>nozoic 
folds of the rPgion. The San Juan Basin Bft!Uired approxi
mately its present configuration; bed.~ in the uortheru part of 
the Laguna distriet were tilted gently northward and westward. 
The north-trending Iliad era anticline and Ardt Mesa syncline, 
ns well as se,·eral small domes and basins, formed in the eastern 
part of the district. 

The third and youngest def()rmation probably ftllehed a climax 
during rapid subsidence an<l 1>-edimentntion in the nearby Rio 
Grande <leprPssion in late Tertiary time. In tile district, this 
deformation produced the north-trt•nding normal faults, most ()f 
the joints in the sedimentary rooks, and possibly the San Ignacio 
faulted monocline. These structural features JI'Obably formed 

by rt>gional east-wE>st t>longatlon. The third deformation was 
accompankd by the t•mplaeenwnt of nu int<>rconneetlng system 
of din base sills and dikes, for dikes·occupy joints characteristic 
of tlw fr11ctnr<> systE>m, and sills are cut by joints and faults of 
the sn me fracture system. 

l't•tlim<>ntation, uplift. and disse·ction characterize the late 
Cenozoic g~'OmOrJ>hic history of the r<>gion. In Pliocene or pos
sibly early Pleist<K·<>ne timE>, an erosion surfnce of low relief 
(Ortiz surface) formed oyer the £'ntire r£'gion. This erosion 
surftl<'t> was thl'll uplifted and deeply E>roded. and successively 
lower and less extensh·e )>etliments were formed. 

Uranium deposits in the Laguna district are in the east end of 
the Southern San Juan Bnsin Jllinernl belt. This belt Is parallel 
to sp,·eral controlling and definitiYe geologic fE>atures of Jurassic 
age but is widely diYergent from the major structural features 
of TPrtiary age. Within the district most deposits are concen
trated in elongatE' groups and npparPntly are controlled by 
Jurassic tPctonic features and by sedimE>ntary trends in the host 
rocks. 

'l'he large uranium deposits in the Jnckpile snndstone are com
posed of one or morP sPmitabular ore layers. In plan view they 
range from nearly equant to strongly elongate. Viewed in sec
tion the layers are wholly within the host sandstone; only 
locally do they border dirE'Ctly on mudstone strata, diastema, or 
formational contacts. The Jackpile deposit, the largest In the 
district, is nearly 6,000 feet long and aYerages about 2,000 feet 
in width; individual ore layers rarely exceed 15 feet in thick
nE>ss, but several layers may aggregate 50 feet in thickness. A 
Jurassic fold of low amplitude may hnYe influenced the 
localization of this deposit. 

The Woodrow deposit, which was localized by a sandstone 
pipe, is small but contains high-grade ore. In the upper part 
of the deposit the ore is concentrated largely along the boundary 
ring faults; in the lower part the ore is lower grade and is 
distributed through the core of the pipe. 

Deposits in the Entrada Sandstone and in limestone of the 
Todilto Formation in the Laguna district are small and rarely 
economic. Deposits In the limestone are localized in smalllntra
formntionnl folds of Ynrious shapes and generally follow the 

! elongate form of the folds. Deposits in the sandstone are semi
tabular and semiconcordant and are typically wholly within the 
host sandstone. A group of deposits in the limestone and sand
stone in the Sandy mine is localized along the crest and steep 
limb of a Jurassic fold. 

Coffinite and uraninite, the chief ore minerals of the relatively 
unoxidized parts of deposits, are intimately mixed with car
bonaceous matter, which iH particularly abundant in deposits in 
the :lforrison Formation. This mixture coats sand grains, 
locally imvreguntes the sandstone and embays its constituents, 
and accounts for the gray to black shades of :llorrison ores. 
Other minerals associated with ore are vanadium clay (n fine
grained mixture of mien, probably roscoelite, montmoriJl()nite, 
and chlorite), pyrite, and other sulfide minerals. 

Available evidence sugg£'Sts that the uraniferous carbonaceous 
matter originated from dE'Cnying vegetal matter. Infrared and 
chemical analyses of the material are indistinguishable from 
those of low-rank coal and are unlike those of petroleum or pe
troleum like substances. In addition, infrared analysis has de
tected a salt of oxalic acid in carbonaceous matter from the 
Jackpile mine. Such salts, particularly calcium oxalate, are 
typically associ a tell with plant remains. 

Wht•re oxidized. the ores contain various minerals of high-va
lent uranium null ''nna<lium, whieh occupy pore spaces, line 
fractures, and coat old mine walls. 
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INTRODUC'l'ION 3 

The ores of the J,aguna district contain varlow< amounts of 
uranium, vanadium, and many other cl!•mpnts that are more 
abundant lu tlw orcs tllllll in the prwlosin;; host roeks. Only 
rarely do the or(•s eontain more than 1 p~>rr't'nt uranium or 
vanadium; most of the ores a VI' rage about 0.2 perr·ent uranium 
and less vanadinrn. l:ranium-vunadium ratios range from about i 
r,o: 1 in the Woodrow dcr,osit to 3: 1 in the .Jaekpile and Wind- : 
whip deposits, 1: 1 in the deposit~ ut the Sandy mine, and 1: 2 
in the Crackpot deposit. 

Ore textures Indicate that l"eplacement was a major process 
that accompanied mineralization. Urunif~>rons carbonaceous 
matter, vanadium cluy, and sulfides strongly embay detrital 
quartz grains, preexbting clay, carbonate, and silk·a cements. 
The textures, however, do not reveal a consistent order of pre
cipitation of the ore components. 

The uranium deposits of the district may have formed in 
Jurassic time shortly after the accumulntion of the host rocks, 
and perhaps when these rocks were exposed at the surface. At 
that time the broad eabt-trending Mogollon Highland existed 
a short distance to the south of the Southern San Juan Basin 
mineral belt and was probably the major sourc-e of sediments 
within the belt. Surface and ground waters flowing from the 
highland may have extracted uranium and vanadium from the 
rocks and transported them to the sites of deposition. Such 
waters could also have extracted soluble humic compounds from 
surficial or buried decaying plant debris. These substances could 
then have precipitated where the ground-water flow was im
peded by the stratigraphic and tectonic structural features that 
are recognized in the mineral belt. Impedance and partial stag
nation might have inhibited aeration and euhanced the reduction 
of sulfate by anaerobic bacteria. The resulting generally more 
reducing environment might have effected a reduction and pre
cipitation of uranium. In addition, weak acidification of the 
ground water might also hn,·e caused tbe precipitatiou of alkali
soluble humic compounds, which in turn might have extracted 
more uranium from solution. 

Probably no economic uranium deposits \\ill be found in the 1 
Laguna district outside the known limits of the mineral belt. 
Favorable areas for prospecting in the Jackpile sandstone are 
to the west aud northwest of the Jackpile and Paguate deposits. 
The Westwater Canyon l\Iember of the Morrison, though at con
siderable depth in the Laguna district, should not be overlooked i 
as a potential source of uranium. If and when the economics II 
of deep drilling and ruining permit, the entire area between the i: 
Laguna and Ambrosia Lake districts should be favorable pros- ii 
pecting ground. 

Paleogeography provides the best guide to the discovery of 
uranium districts. Three gPologic requirement-s should be satis
fied. First, a broad upland area of weathering and erosion 
should border a shallow basin of continentnl sedimentation, pref
erably thwial. Second, t11e climate of the region and the char
acter of the rocks should be consistent with the de\·elopmeut of 
ground waters chenJiealiy appropriate for the transportation of 
uranium. Third, the f>!"rlneable sc•climents nenr the margins of 
the sedimentation basin should be ch.:mlcterized by thickness 
changes and perhaps by tectonic featun•s tllnt would impede 
the flow of ground water and enhance precipitation of the ore 
components. 

INTRODUCTION 

GEOGRAPHY 

The Laguna tll'll.nium-mining district, for conven
ience defined as "the area. described in this report," in-

eludes about 535 square miles on the east side of the 
Colomdo Piltteau; the center of the district is about 50 
miles west of Albuquerque, N. ~lex. (fig. 1). The dis
trict is crossed by U.S. Highway 66, a major east-west 
interstate highwttJ, and has many graded roads :wd 
poor ungmded roods, which provide access to all par-ts 
of the district. The major geographic features, settle
ment, climate, and ve-geta,tion of most of the district 
were described by Uunt ( 1!>36, p. 37, 38). 

The district is in mes;t country that is typical of 
much of the Colorado Plateaus province. On its north
west side is Mesa Ghivato, which is more than 8,000 feet 
in altitude, and on its east side is Mesa Gigante, which 
is more than 6,500 feet i11 altitude. Between these two 
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pi"ominent mesas aro severn I smaller mesas and benches 
<'nppcd by resistnnt strata tlmt dip gent.Jy northward. 
Tlw norl heastern part of the district is clmrnctcrized by 
low mes:t-:tnd-lx-nch topography. Here, ns well as 
farther south, t.he surface is pierced hy se\·eral black, 
basaltic volcanic. necks that rise abruptly as much as 
1,000 feet above the sm·rotmding country. Roc!.."S in the 
centrnl and northern parts of the district are typically 
drah, owing to the dominant gray and tan shades of the 
Cre~oous strata.. To the south, various shades of red 
and yellow mark the colorful Jurassic and Triassic 
strata. 

The Rio San Jase is the main stream in the district 
and, except a few brooks in the canyons on Mesa Chi
vato, is the only perennial stream. It drops from an 
aJtitude of -about 5,900 feet on the west. to less than 
5,600 on the east and is entrenched 20 feet or more over 
most of its length. A few miles southoost of the dis
trict it joins the Rio Puerco, which in turn is tributa.ry to 
the Rio Grande. Several tlrroyos join the Rio San Jose 
from the north and south, but ordinarily they contain 
water only after summer thunderstorms. '('he largest 
of these arroyos are the so-called Rio Paguate and 
Arroyo Concho, which drain the area north of the Rio 
San Jose, and the Arroyo Colorado, which drains a 
broad Yalley to the south. The Arroyo Salado drains 
the northeast corner of the a roo and joins the Rio Puerco 
to the east. 

FIELDWORK 

The discovery of the J a.ckpile and other large urn
nium deposits on the south margin of the San Juan 
Basin stimulated scientific as well as eoonomic interest 
in the region. To determine the relations between the 
uranium deposits and the regional geology, the U.S. Ge
ological Survey, on behalf of the Raw :Materials Divi
sion of the Atomic Energy Commission, studied the urn
nium deposits and mapped a large arP.A surrounding 
them. 

R{)bert H. Moench and Willard P. Puft'ett spent 3 
months in the summer of 1955 mapping the Mesa 
Gigante aroo and studying the Sandy mine aroo. In 
1V5G, .John S. Schlee and :Moencl1, assisted by Wilfred 
B. Bryan and Frank S. Hensley, spent 6 months map
ping and studying the Jackpile and other mines. 
Moench ~md Schlee returned to the area on seve~l occa
sions in 1957 and 1960. 

Because topographic maps were not available, map
ping was done on U.S. Geological Survey an.d U.S. 
Forest Service aerial photographs, at scales of 1 : 20,000 
to 1:28,000. Six quadrangle maps (M~nch, 196!~b, c; 
Moench and Puffctt, 1963a, b; Schlee and Moench, 
1963a, b; see fig. 1, this report) were then compiled by 
means of a Kelsh plotter on U.S. Geological Survey 

topog-raphic base maps at a scale of 1: 24,000 when these 
maps became available in 19!\7. Three oth<'r quadrangle 
maps (fig. 1, GQ-354, :355, 371) were compiled by tho 
same method on planimetric maps at a scale of 1 : 12,000 
:ind were recompiled at 1:24,000 when U.S. Geological 
Survey topographic maps became :n-ailable in 1962. 
Det.ailed mine mapping was done by tape and compass 
and planetable methods. 
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PREVIOUS WORX 

The first comprehensive geologic study of the region 
was by Hunt (1936; Hl38) who was primarily concerned 
with the coal deposits and stratigraphy of the 
Cretaceous rocks, the major structural features of the 
region, and the igneous rocks of tl1e Mount Taylor vol
canic field. Earlier literature concerning various 
aspects of the geology of the region is voluminous and 
dates back as far as 1850. (See Hunt, 1936, p. 33-35; 
1938, p. 53.) Hunt's worlr was part of a larger study of 
the coal deposits and stratigraphy of Cretaceous rocks 
in northwestern New xlexico (Sears and others, 1941). 
About concurrently with Hunt's work, Bryan and Mc
Cann (1936, 1937, 1938) studied structural and geo
morphic aspects of the Rio Puerco and Rio Grande 
regions to the northeast and east, and the results of their 
studies bear strongly on our study of the Laguna dis
trict. More recent publications dealing with many 
facets of the geology of the Laguna and nearby areas 
are numerous and are cited throughout the text. 

STRATIGRAPHY 

Exposed sedimentary strata in the Laguna district 
range in age from Triassic to Late Cretaceous. This 
sedimentary column totals about 3,800 feet in thickness 
and is underlain by about 4,500 feet of concealed Trias
sic Permian and Pennsylvanian sedimentary rocks; the 
Pe~nsylvani~n rocks rest on Precambrian gneissic rocks. 
The total original thickness of Cretaceous sediments in 
the Laguna district is not known, but about 5,000 feet of 
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( 'rt•tneeous strata has been reeorded in areas to the north 
1 Wood and Northrop, 1946; Dane, 1948). In the 
La~[un:t district possibly as much as 11,000 feet of 
J'ah•zoie and Mesozoic strata lay above the Precambrian 
iJa"t'lllt>nt in latest Cretaceous time. An unknown thick
tH'"~ of early Tertiary sediments and at least half the 
ori.,rnal thickness of the Cretaceous strata have been 
, ... ,~pletely removed by erosion. 

~Iarine conditions generally prevailed in the region 
tluring Pennsylvanian time, when the thiek deposits of 
t ht• ~Iagdalemt Group aecumulated on Precambrian 
ro<·ks. After a brief interval of continental sediment a
t ion (Permian Abo Formation), restricted marine depo
~ilion occurred in Permian time, and the Yeso and San 
.\ndres Formations were laid down (Kelley and Wood, 
l!l-16). Continental conditions prevailed during Trias
~ir\ time, when the Chinle Formation accumulated. In 
Jurassic and possibly Early Cretaceous time, continental 
and subordinate shallow marine (possibly lacustrine in 
part) sedimentary strata accumulated to a thickness 
that may have exceeded 1,300 feet, forming successively 
the Entrada, Todilto, Summerville, Bluff, and Morrison 
Formations. Extensive tilting and erosional trunca
tion followed. In Late Cretaceous time the region was 
inmded by the Mancos Sea. During transgression of 
this sea, fluvial and near-shore deposits of the Dakota 
Sandstone were laid down and then buried by the thick 
~hncos Shale and, later, by the intertonguing regressive 
:mel transgressive strata of the Mesarerde Group and 
~fancos Shale. After an additional unknown thickness 
of marine and continental sediments had accumulated in 
L:tte Cretaceous and Early Tertiary time, alternating 
uplift and erosion began. Also during the late Tertiary 
and Quaternary, igneous sills and dikes were emplaced, 
the )fount Taylor volcano formed, and numerous 
basaltic flows were extruded from pipes and fissure 
vents. 

In the following descriptions the rock colors are 
haS('AI on the "Rock-Color Chart" of the National Re
-,parch Council (Goddard and others, 1948), stratifica
tion and cross-stratification terminology is that of Mc
Kee and Weir (1953), grain-size desig~{ations are those 
of Wentworth (1922), and compositional terms are 
those of Pettijohn (1957). The term ''sedimentation 
unit" is used in the sense proposed by Otto (1938, p. 
.iii>) who stated: ''The sedimentation unit at any sam
pling point is that thickness of sediment which was de
posited under essentially constant physical conditions." 
In this report :t "stratigmphie unit'' is a single body of 
'~'tlinlllntm·y rock tlmt. is shown on the qtmdmngle maps, 
and it includes formations, members, and informal map 
units; ''stmtigmphic zone" is one or more sedimentation 
unit that is not shown on the quadrangle maps. 

SEDIMENTARY ROCKS 

c:JUNLE FORMATION 

The Chinle Formation, of Late Triassic age, is ex
posed in a broad J..elt along the south side of the Laguna 
district in the South Butte, Dough Mountain, and Mesa 
Gigante quadrangles (fig. 1). Here it is divided into 
the Petrified Forcsi Member, which is a thick and wide
spread mudstone unit, and the overlying Correo Sand
stone Member, whieh is tt relatively thin sandstone and 
corwlomerate unit that is restricted to the south side of 
:Me;a Gigante and to sparse ouh:rops south of Mesita. 
The base of the formation is not exposed, but Kelley and 
'\Yood (1946) sru>llected that the Chinle is more than 
1,000 feet thick in the Mesa Lucero area, a short dis
tance southeast of the Laguna district. The Entrada 
Sandstone, of Late Jurassic age, unconformably overlies 
the Chinle Forumtion; the eon tact is sharp and irregu
lar. Coarse sandstone and basal quartz pebble conglom
erate of the Entrada locally fill channels eut several feet 
into Chinle strata_ 

l'Em!FIED FOREST MEMBER 

The Petrified Forest Member is exposed at the mar
gins of the broad valley of Arroyo Colorado, but with
in the valley it is largely covered by a thin veneer of 
Recent alluvial and eolian deposits. Because the depth 
of erosion into this member is generally less than ZOO 
feet the member cannot be described completely. 

Tl1e Petrified Forest Member is composed of grayish
red slightly calcareous siltstone and mudstone showing 
some light-greenish-gray mottling; strati~cation is. i~
conspicuous. Evidently much of the clay Is bentomtic, 
for the unit weathers to form a frothy-surfaced slope. 

This unit is the same as the red-shale member of the 
Chinle Formation described by Kelley and Wood ( 1946) 
and Silver (1948, p. 73). John H. Stewart and Ricl~
ard F. Wilson (written commun. 1956), from the~r 
regional study of the Triassic System, correla~ed tlm; 
unit with the Petrified Forest Member of Arizona. 

CORREO BAli'DSTONE MEMBER 

The Correo Sandstone Member is best exposed in a 
prominent bench just south of 1\fesa Gigante quad
rangle (fig. 1), and parts of this outcr?p extend north
ward into the mapped area. The umt also eaps sev
eral low hills between this exposure and Dough Moun
tain, in the Dough l\fountain quadrangle to the 
southwest. 

The member which is as much as 100 feet thick, is ' . composed mostly of sandstone but contams abundant 
lenses of conglomemte at and near the bottom and be~s 
of siltstone near the top. The sandstone is subarkos1c 
to arkosic, fine to coarse grained, poorly to well sorted, 
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and firmly cemented. The dctrital constituents aYer
age 45 percent quartz, 5-6 PN'C<'llt f<>ldspar, a percent 
chert, and 3 perc<>nt rock frag'll1ents; trace amounts of 
miea, tom·maline, zireon, and magn<>tite(?) :tre also 
present. Biotite and muscnYite are conspicuous in 
hand specimens. Quartz grains are a.n;.rnlnr to rounded 
and exhibit secondary oYergrowths. Ft'ldspar grains, 
of both plagioclase and microeline, art~ subequant and 
angular ;md are partly altered to clay along cleaxng'{l 
tra.ees. Rock fragments consist of angular siltstone, 
metaquartzite, limestone, and rounded clay galls. Cal
cite, which commonly emba,vs detrital grains, and 
quartz are the main cementing agents; detrit:.tl clay a.nd 
fine-grained quartz are local cementing agents. 

The conglomerate contains fragments of sandst<>ne, 
siltstone, light-greenish-gmy to nettrl,v white limest<>ne, 
cottrse-gmined quartz, and pegmatit.ic feldspnr set in 
a matrix of poorly sorted calcite-cemented saJ1dstone. 
The largest frn;.rments in most conglomerate stmta are 
large well-rounded pebbles: disk-shaped cobbles as 
much as 7% inches in diameter have been found. Some 
limestone pebbles are composed of coarse calcite, others, 
of fine-grained calcite with scattered angular grains of 
quartz. 

Small to medium-scale trough cross-stratification is 
common throughout the unit. Twenty-five cross-strati
fication planes had an average strike ·and dip of N. 67° 
E., 19° NW. These limited data SUggt!St a northwest 
direction of sediment transport. 

ORIGDI' 

The Chinle Formation is of terrestrial origin. The 
Petrified Forest Member may represent a thick flood
plain deposit (Kelly and Wood, 1946), but the presence 
of swelling bentonitic clay suggests that the unit also 
contains abundant altered volcanic material. The Cor
reo Sandsrone Member has the characteristics of a flu
vial channel deposit. The inferred northwesterly sedi
ment-transport direction indicates a source area to the 
southeast. Because limestone is known to be unstable 
in transport (Plumley, 1948), the presence of limestone 
pebbles and cobbles indicates that the source was nearby. 
This source area, was partly underla,in by sedimenta,ry 
rocks (as indicated by limestone, sandstone, and silt
srone rock fragments and by rounded quartz grains with 
worn overgrowths) and possibly pa,rtly by igneous and 
meta,morphic rocks (suggested by mica, tourmaline, 
anb"'llltr quartz and feldspar grains, a,nd by metaquartz
ite rock fragments). 

ENTRADA SANDSTONB 

The I~ntrada Sandstone, of Late Jurassic age, forms 
benches and a high vertical cliff that ext.end west to 

southwest through the South Butte, Dough 1\fountain, 
and l\fesa Gigante qu:tdrnngles (fig. 1). In the Laguna 
district it comprises three distinct units: a discontin
uous basnl sandstone unit., :t medial interbedded mud
stone, siltstone and sandstone. unit, and an upper sand
srone unit. The upper unit is thickest, ranging from 80 
t.o nearly 200 feet. in thickness, and forms an e:o.:t.ensive 
sheet over much of the Colorado Plateau, extending 
westward a short distance int<> Arizona., and northward 
inro Colorado and Utah (Harshbarger and others, 1957, 
fig. 25). 

Assignment of the upper unit to the Entmda. Sand
stone is now generally accepted, but assignments of the 
underlying units are controrersial (table 1). On the 
basis of Dutt<>n's (1885, p. 137) type section near Fort 
Wing:tte, N. 1\Iex .. Silver (19±8) referred all the beds 
of the Entrada Sandstone of the present report to the 
Wingate Sandstone, but he noted (Silver, 1948, p. 74) 
that his units are equiralent to those in the revised no
menclature of Baker and others (1947, p. 1666). 

TABLE I.-Stratigraphic assignments of the Entrada Sandstone 

Baker, Dane, and Reeside 
Silver (1948) (1947) Thisreport 

Rapaport, Hadfield, and 
Olson 11902) 

Upper clill-lorming Entrada sandstone Upper sandstone 

j 
member g unit 

~ 
~ Middle slope-form- Carmel formation ~ Middle siltstone 

"' 
~ 

ingmember 

1 
unit 

.s 
~ Lower cllll-forming Wingate sandstone 1>1 Lower sandstone 

member unit 

Baker, Dane, and Reeside (1947, p. 1666) and Rapa
port, Hadfield, and Olson (1952, p. 20) assigned the 
medial siltstone and lower sandstone units to the Car
mel Formation and Wingate Sandstone, respectively, 
on the basis of similarities between the stratigraphic 
sections south of Laguna and in western New Mexico 
and eastern Arizona. Harshbarger, Repenning, and 
Irwin (1957) reeognized a medial silty facies of the 
Entrada Sandstone that is very similar to the Carmel 
Formation and extends well into New Mexico, but they 
doubted that the Carmel Formation extends very far 
eastward from Arizona inro New Mexico. In the 
Laguna district the medial siltstone and the upper sand
stone intertongue and one unit thickens largely at the 
expense of the other. For these reasons, we consider 
both to be facies of the Entrada Sandstone. 

We assibrr1 the lower sandstone unit to the Entrada. 
Sandsrone because the lower and upper sandstone units 
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artl lithologically and mineralogically similar and be
··ausc we found no evidence of a hiatus at the top of 
thn lower unit. If Silver's correlation of the lower 
,:llldstone unit with the 'Vingate is correct, evidence 
of a hiatus would be expectable because the 'Wingate 
anrl Entrad:t arc, respectively, of Triassic and I~ate 
Jurassic age (Harshbarger and others, 1957, p. 25). 
rnstcad of expectable scours, or a veneer of gravel, the 
.. ontact between the lower sandstone and the siltstone 
unit~ is sharp and even. No evidence of angularity be
tween the lower and middle units was found. 

)finemlogic similarity between the lower and upper 
,andstone units strengthens the assignment of the lower 
,andstone unit to the Entrada. Six specimens of sand
~tone (two each from the lower, middle, and upper 
units) were collected at Petoch Butte in the South Butte 
']Ua<lrangle (fig. 1) and studied in thin section. )fodal 
analyses of each thin section were made by the point
•·ount method (200 points each), and the resulting data 
were combined for each of the three units. The two 
'amples of the lower sandstone unit contain an average 
of 54 percent quartz, 6 percent total feldspar, 2 percent 
chert, and 8 percent rock fragments. Samples of the 
upper sandstone unit contain 52 percent quartz, 6 per
cent total feldspar, 2 percent chert, and 12 percent rock 
fragments. The samples of sandstone from the middle 
unit are more quartzose and contain an average of 61 
percent quartz, 5 percent total feldspar, and 6 percent 
rock fragments; one specimen contains less than 1 per
cent chert, the other, 10 percent chert. Small amounts 
of colorless rounded zircon, rounded yellow-green or 
green tourmaline, and subangular tosubrounded gan1et 
are present in all thin sections, and rounded apatite and 
rutile are present in most. The proportion of fine 
rletritus, calcite, and voids in the matrix is extremely 
mriable within each of the three units. 

LOWER SANDSTONE UNIT 

The lower sandstone unit unconfornmbly overlies 
the Chinle Formation on Petoch Butte, in the extreme 
southwest corner of the mapped area, where it is part 
of an outcrop belt that extends eastward for about 4 
mill'S from the west margin ofthe area (fig. 1, GQ-355). 
To the east the middle silty unit. rests directly on 
( 'hinlo strata 1tt most. places; small discontinuous lenses 
of the lower sandstone unit are exposed locally. 'Vhere 
''"11 exposed, the lower sandstone unit fonns a promi
nent honch or vertical clitf. 

Tho lower sandstone unit thins from slightly more 
th.m 30 feet thick at Petoch Butte to a knife edge 
:tl>ont 6 miles to the northeast, and it ,·aries greatly in 
thil'kn~ locally. Deep scours :tt the base of the unit 

contain coarse sandstone and, locally, quartz pebble 
conglomerate, {»rticularly at Petoch Butte. 

The unit is light brown (5YR G/4) and is composed 
mainly of fine- to coarse-grained sandstone firmly 
cemented by oJcite and subordinate quartz over
growths. The unit tends to coarsen southward and 
downward. At its north edge it is composed of fine
grained sandstone, whereas at Petoch Butte, to the 
south, it contains much coarse-grained sand and, in the 
basal scours, some quartz pebble conglomerate. The 
rock is generally fairly well sorted; most coarse grains 
are concentrated in thin laminae. Medium-scale fes
toon cross-stratification is conspicuous. 

JllDDLE SILTSTONE UNIT 

The middle siltstone unit is 35-40 feet thick at Petoch 
Butte and on the south side of Mesa Gigante and 75-85 
feet thick near and west of the Crackpot mine (fig. 1, 
GQ-355). The hulk of the siltstone unit is soft and 
forms a steep slope between the two bench-forming sand
stone units. 

The middle unit is composed mainly of siltstone but 
includes some sandstone. The siltstone is light brown 
(5YR 6/4) to pale reddish brown (lOR 5/4) and locally 
mottled light greenish gray ( 5GY 8/1). It is slightly 
calcareous, friable to firmly cemented, and laminated to 
thinly bedded; in places it is thinly cross-laminated. 
The sandstone is thin to very thin bedded, light brown 
(5YR 6/4) to grayish orange pink (5YR 7/2), fine to 
very fine grained, well sorted, well cemented with cal
cite, and structureless to faintly laminated. The strata 
generally form small benches on the sloping surface. 
Near the base of the unit, sandstone beds are sparse and 
very thin; near the top they are relatively thick and are 
separated by thin siltstone beds. The upper contact is 
chosen as the top of the uppermost siltstone stratum. At 
Petoch Butte the uppermost sandstone strata below the 
contact are fine grained, but they coarsen northward 
along the outcrop and merge with the upper sandstone 
unit of the Entrada Sandstone. 

VPPER SANDSTONE UNIT 

The upper sandstone unit, the main part of the En
trada Sandstone in the area, extends as a great sheet 
throughout much of the Colorado Plateau and some ad
joining areas. The thickness of the upper unit in the 
Laguna area ranges from about 80 to nearly 200 feet; at 
Petoch Butte it is about 195 feet; on the south side of 
Mesa Gigante, about 137 feet; and near the Sandy and 
Crackpot mines and farther west, 80-95 feet. The up
per sandstone unit apparently thickens southeastward, 
and the middle siltstone unit apparently thickens north-
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westward; the two units intertongue, indicating that 
they are, in part, time equivalents. 

The upper contact of the upper unit generally is 
sharp and well defined. Locally, however, the overly
ing Todilto limestone and the upper sandstone bed in
tertongue within an interntl of 5 feet or less. 

The upper sandstone unit is planar and trough cross· 
stratified. Individual sets are as much us 10 feet thick, 
un_d cosets (containing several sets of cross-strata) are 
horizontally truncated at wide intervals by thin even
bedded cosets. Typically the upper 5-10 feet of the 
unit is thinly even bedded to laminated. In places, 
however, cross-stratified sets are directly overlain by 
limestone of the Todilto Formation; such sets look like 
buried sand dunes. 

Cross-strata dip most commonly and most steeply 
southward. Figure 2 shows the direction and amount. 
of dip of cross-strata plotted on the lower hemisphere 
of a Schmidt equal-area projection. One diagram rep
resents readings from the area of the Sandy mine (less 
than 1 sq mi) ; the other represents readings from widely 
scattered localities along the entire belt of Entrada out
crop. 

Grain size increases downward and southward in the 
unit. In exposures between the Sandy and Crackpot 
mines and farther west, the upper sandstone unit is fine 
to very fine grained near its base and mostly very fine 
grained near its top. On the south side of ~fesa Gigante 
the grain size ranges from very fine to medium, but here 
the coarsest material is mostly near the middle of the 
tmit. At Petoch Butte, in the southwest corner of the 
mapped area, the unit is coarse grained near its base 
and very fine grained near its top. 

The upper sandstone unit is fairly well sorted 
throughout the area. Though single specimens may con
tain both fine and coarse material, the coarse grains are 
generally distributed in thin laminae in otherwise fine
grained rock. 

The detritus of the sandstone consists of 70 to more 
than 80 percent quartz, 8-10 percent feldspar (mostly 
fresh microcline and lesser amounts of strongly altered 
plagioclase), small amounts of chert, and, -locally, abun
dant rock fragments (quartzite and quartzose schist). 
The larger grains are well rounded, but roundness de
creases with decreasing grain size. Rounded quartz 
overgz·owths are recoj!nized in most thin sections. Ac
cessory minerals include magnetite, ilmenite(?), garnet, 
zircon, epidote, tourmaline, hornblende, muscovite, bio
tite, apatite, rutile ( ? ) , and hypersthene. 

Calcite, the principal cement, is mostly fine graint-d 
and finnly binds most of the sandstone. l\fost sand 
grains are also coated with a t !tin lilm of moderately to 
strongly birefringent, prolmhly illitic clay. 

A. SANDY MINE 

B. LAGUNA DISTRICT 

FIGURE 2.-0rientation of crossbedding in upper sandstone unit, 
Entrada Sandstone. Amount and direction of dip plotted on 
lower hemisphere of Schmidt equal-area projection. 

ALTERATIOX 

The lower part of the upper sandstone unit is pale red 
to light brown and moderate orange pink; the upper 
part has been altered to hues of very light gray, very 
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pale orange, or light yellow. For convenience the two 
are called the red and white parts. The thickness of the 
white part averages about 30 feet but ranges from about 
8 feet in places on the south end of Mesa Gigante to 
more than 70 feet on Petoch Butte (fig. 1, GQ-355). 
According to Silver (1948, p. 76), the white part thick
ens southward. In most exposures the boundary be
tween the red and white parts is sharp; but as it locally 
cuts sharply across bedding (fig. 3), it has no strati
graphic significance. Where the white part thickens 
in the southern part of the mapped area, its lower bound
ary is gradational. A thin mottled grayish-red zone, 
which similarly cuts across sedimentary features, is 
commonly present near the base of the white part. 
Though the boundary between the red and white sand
stones locally crosscuts the strata, within small areas it 
is roughly parallel to the top of the Entrada; where 
the Entrada was deformed by Jurassic folding, the al
teration boundary also appears to have been folded. 

Petrographic studies indicate that the white part 
formed at the expense of the red, and they suggest that 
the grayish-red part represents an intermediate stage of 
alteration. The red part is colored by finely dissemi
nated hematite dust on sand grains and in partly argil-

FtaURE 3.-Boundary between red and white parts of Entrada 
Sandstone, Sandy minE". Xote that color boundary is irregular 
and oblique to bedding. 

lized feldspars, but it also contains detrital magnetite 
and ilmenite(!), partly altered to leucoxene and hema
tite. The red sandstone is very porous and is partly 
cemented with fine-grained calcite. The white sand
stone does not contain any hematite or magnetite, and 
the ilmenite(!) is completely altered, mainly to leucox
ene. The white sandstone is cemented with calcite, 
mostly in large optically continuous poikilitic crystals. 
The local yellow hue on outcrops is imparted by hydrous 
iron oxides which formed by recent weathering of py
rite. In the grayish-red part., hematite is present, black 
opaque minerals are more altered than in the red zone, 
and two generations of calcite can be recognized: ( 1) 
fine-grained calcite in irregular rounded masses between 
detrital quartz and feldspar and outlined by dusty hem
atite, and (2) coarse poikilitic calcite, which surrounds 
the first generation. Microscopic examination suggests 
that the abundrurce of quartz overgrowths and the types 
of clay do not change from one color zone to. anotJ:ter: 

Several minor elements change in abundance from un
altered to altered sandstone (table 2). Iron shows an 
obvious decrease from unaltered to altered rock, and 
both specimens of grayish red sandstone show inter
mediate amounts. The red and grayish-red colorations 
may reflect differences in crystalline form and distribu
tion of hematite, rather than amount. Vanadium also 
shows a marked decrease in abundance from unaltered 
to altered sandstone. Titanium, silver, copper, lead, 
zinc, and zirconium show corresponding decreases, but 
possibly only copper and lead decrease significantly. 
Zirconium no doubt reflects the distribution of ziz·con, 
which is not noticeably altered. Magnesium, manga
nese, boron, barium, and chromium show no consistent 
change. Strontium and sodium (not listed in table 2) 
increase slightly in the altered sandstone, but probably 
not significantly. The data on uranium are inconclusive 
but suggest a deei:ease from unaltered to altered rocks. 

Because the altered zone boundary appears to pre
date the Jurassic folding, alteration probably took place 
shortly after Jurassic sedimentation. Alteration might 
be related to Todilto deposition, but the nature of the 
process is unknown. 

TABLE 2.-1\finor-element distribution in red, grayish-red, and white Entrada Sandstone, Sandy mine 
(Anal)-st, method, and units: FeaO:s, Dwight L. Skinner, volumetric, poroont; V20 5, \Vayne ·Mountjoy, colorimetric, percent; U, Edward 1. Fennelly, ftuorometric, per~nt; 

all others, John C.lla.mtlton, scmtquantitahre spectrographic] 

Outcrop Fe10:s V 205 U 
colo1 

Tl Ag Cu Pb Sampk> No. and typo Zn Zr Mg Mn B Ba Cr Sr 

-------1----·-· -----------------------------
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~M 1'-10. chips; 2-!t lnt••r- Grayish· 1.37 l"!ll", 20-rt thicknl'ss. red. r\1 ll-5b; "'l•cted spoclmon .• Om)• ish· .8:.! 
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ORIGIN 

Throughout Late .Jurnssie time a highlnnd extended 
enst-west through pnrts of Arizona and New Mexico 
(McKee and others, 19Mi), supplying sediments north
wnrd to a broad basin of sedimentation. Harshbarger, 
Repl'nning, and Irwin (Hli!7, p. 44) ealledthis same area 
the :\Iogollon Highland. The southward coarsening 
of both sandstone units of the Entrada Sandstone, com
bined with the thickening of the upper sandstone unit, 
and corresponding thinning of the middle siltstone unit, 
indicate that the Mogollon Highland was the source of 
the Entrada sediments. Cross-stratification data, how
eYer, do not support this conclusion and suggest, prob
ably erroneously, that the sediments were transported 
from north to south. This apparent inconsistency can 
be reconciled by postulating that the sands were trans
ported by streams northward from the liogollon High
land and were reworked by prevailing northerly winds. 

The lower sandstone unit. locally ehannels deeply into 
the Chinle Formation and in these scours contains much 
graYel; a fluvial origin in part is thus indicated. 

As the middle silstone unit is thinly e\·en bedded, it 
was probably deposited in shallow water or on a tidal 
flat. During the later stages of deposition, the shore
line moved generally northward but t>robably fluctu
ated, so that the upper sandstone unit and the silstone 
unit intertongue. If this origin is correct, streams from 
the Mogollon Highland may have transported Entrada 
sands northward and deposited them on a broad alluvial 
plain, and the fluvial charaeter of these sands perhaps 
was destroyed by strong onshore winds. Climate of the 
time was probably arid, and conditions may have been 
ideal for strong onshore northerly winds. 

TODILTO FORMATION 

The Todilto Formation of Late Jurassic age is com
posed of a thin but extensive unit of limestone and an 
overlying, considerably thicker but less widespread unit 
of gypsum-anhydrite. The limestone caps a low bench 
on the south end of Mesa Gigante (fig.l,GQ-210, 212) 
and the high south-facing cliff between the Sandy and 
Crackpot mines and farther west (fig. 1, GQ-355, 354). 
A thin limestone unit is also exposed on Pet:och Butte, in 
the southwest comer of the South Butre.quadrangle. 
These exposures are near the south margin of a broad 
basin of Todilto deposition that covered most of north
western New Mexico and extended well into Colorado 
(James C. Wright, wTitten commun., 1959) . The 
gypsum-anhydrite unit may be largely anhydrite in 
the subsurface, as indicated by Anacond&'s diamond
drill hole 111 at the .Tttckpile mine (hereafter referred to 
as DDH-111). In weathered outcrops the unit is 
chieiiy gypsum. A breccia unit, which isc:ommonly ex-

posed near tJ1e margins of the gypsum, probably formed 
recently; but it is described here as a third unit of the 
Todilto because of the association. The stratigraphic 
relations of all of these units are shown in figure 4. 

Gregory (1917, p. 55) defint>d the Todilto from its 
exposures in Todilto Park, N.Mex., near the Arizona 
border. Northrop (191!0, p. 36) and Rapaport, Had
field, and Olson (195~, p. 23) extended use of the name 
to exposures in northwestern New l\Iexico, including the 
Laguna district. 

LIMESTONE lJNIT 

The limestone unit of- the Todilto is di~isible into a 
stratified zone and an overlying massive, or structure
less, zone. Together the zones range in thickness from 
about 2 feet at Petoch Butte, in the southwest corner of 
the mapped area, to as much as 36 feet near the Crack
pot mine (fig. 4). Where overlain by the main, gypsum 
unit, as north of U.S. Highway 66, the limestone is 
generally less thanlO feet thick. 

The stratified zone of the Todilto limestone unit is 
thin but continuous (fig. 4). It. is laminated to t.hinly 
laminated. The lower contact is generally sharp, but 
at plaees limestone and Entrada Sandstone are thinly 
interbedded and interlaminated in a zone about 5 feet 
thick. The contact between the stratified and massive 
zones is indefinite in most exposures. At places the up
permost foot or two of the stratified zone is sugary or 
granular in te~:ture and grades upward into massive 
limestone. Elsewhere, uppermost laminated limestone 
grades laterally into massive limestone. ·where gypsum 
overlies stratified limestone, the contnct is sharp; and 
where leached breccia overlies stratified limestone, the 
upper foot or two of stratified limestone appears to have 
been sheared off. Laminated limestone may grade up
ward to chip breccia, whieh in turn may grade upward 
to leached breccia. 

The stratified limestone is typically light to medium 
gray, with a bluish hue, and contains a few thin lenses 
of white gypsiferous sandstone (fig. 4). Most speci
mens give off a distinct fetid odor when broken. The 
limestone cleaves along thin siltstone laminae, which, 
where closely spaced (less than 0.1 in. apart), give the 
rock a papery fissility; where the siltstone laminations 
are about a foot apart, the rock splits into slabs. All 
variations of laminae spacing are generally present and 
show no consistent stratigraphic position. 

Most of the rock in the stratified zone is very fine 
grained, but at places the limestone near the top of the 
zone has a coarse sugary texture, with crystals averag
ing 1 millimeter across. Thin sections of stratified lime
stone show thin laminae composed of fine-grained cal
cite separated by thinner layers of clastic silt and clay
sized silicates. In some specimens, silt-sized quartz and 
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microcline grains are sparsely distributed alon~ n single 
surf:tce. In others, vt>ry fine grained calcite-cemented 
sandstone and siltstone form thin laminae. In addition 
to quartz and smaller quantities of microcline, the de
trital fraction ineludes trace nmounts of alter plagio
clase, chert, zircon, tourmaline, muscovite, and leucox
ene. Ot·ganic laminae (.\nderson and Kirkland, 1960, 
p. :39) have not been positively identified, but a few 
opaque wavy paper-thin laminae, possibly of carbonized 
organic material, have been seen between laminae of 
other materials in some thin sections. 

The massive zone is discontinuous and varies greatly 
in thickness; locally it is as much as 15 feet thick (fig. 
4). Typically its upper surface is extremely irregular, 
so that it forms closely spaced knolls se\·ernl feet. high 
on topographic benches. Because the n=i,·e limestone 
is much more resistant to erosion than the overlying 
Summerville Formation, the surface of tlte knolls repre
sents approximately the original contact. Massive 
limestone and the ba&'ll part of the Strn1111Crville Sand
stone are commonly intimately mixed. 

The massive limestone is various shades of gray to 
gmyish blue and emits a fetid odor when broken. It is 
mostly very fine grained, but coarser calcit is commonly 
distributed along irregular fractures and locallv fills 
vugs. Folded laminae can be recognized in many "speci
mens. Viewed in thin section the limestone is a mosaic 
of calcite, with sparsely disseminated grains of very fine 
sand to silt-sized fragments of quartz and some micro
cline. Local wisps of very fine grained limestone appear 
to be deformed laminae. 

GYPSll'M·AllJIYDIUTE 11BIT 

The gypsum-anhydrite unit of the Todilto is exposed 
north of U.S. Highway 66 near 1\Iesita and around the 
south end of Mesa Gigante. It is 74 feet thick in ana
conda's DDH-111 at the Jackpile mine 'llld about the 
same thickness at one locality on the south end of Mesa 
Gigante. A thick but areally restricted Ieos of gypsum
anhydrite is also exposed north and west ofthe Crackpot 
mine (fig. 4). 

At the surface the unit forms pt·ominent white knolls 
or hummocks on the typically broad benehes between 
the undel'!ying cliff-forming limestone beds and the 
overlying slope-forming Summerville Formation. The 
tops of the knolls are locally 20 feet or more abo\·e the 
base of the flat-lying Summen·ille Formation nearby. 

The base of the gypsum-:tnhydrite tmit is sharp, 
though highly irt"('gular because of the folds in the un
derlying limestone. The upper contact is mrely ex
posed, but t.he hummocks are commonly otpped by a 
6-iuch-thick bed of massive limestone. 

.. at£J asu 2 i 2 . Utk !A Z !$! 6 BJ£. X I 221&6 

Tho original character of the gypsum-anhydrite unit 
possibly has been obscured by a complex history of de
hydration and hydration. At the surface the sulfltte is 
entirely ~ypsum. In DDH-111, however, the unit is 
composed almost entirely of medium-gmy anhydrite, 
with a small amount. of gypsum at. the top. Anhydrite 
crystals awrage about 1 mm in diameter. Stmtifica
tion is obscure, but the lower 36 feet of anhydrite con
tains thin irregular laminae of limestone. According 
to Anderson and Kirkland ( 1960, p. 40), the cyclic lam
ination that characterizes the limestone c.an be seen in 
outcrops of gypsum as well. They recognized a transi
tion zone in which laminae of gypsum are added to the 
limestone-carbonaceous-detrital sequence. In nDH-
111 a thin zone of chip conglomerate (or breccia) is 
associated with gypsum at the top of the unit. 

The assumption, based on data from one drill hole, 
that anhydrite is dominant in the subsurface is corrobo
rated by thermodynamic data. According to Mac
Donald (1953, p. 894), gypsum is not stable below a 
certain depth that depends on the regional temperature 
gradient. Below a possible transition zone in which 
both gypsum and anhydrite appear, no gypsum will be 
found. Goldman (1952, p. 61) noted that gypsum is 
rarely reported from depths below 2,000 feet in the Gulf 
of :Mexico coast salt domes. He suggested that in the 
Sulfur salt dome in Louisiana, gypsum is generally 
stable above a depth of about 1,183 feet and anhydrite 
is stable below this depth; this suggestion is in accord 
with the data of MacDonald (1953). Because the 
maximum depth of burial of the gypsum-anhydrite bed 
of Todilto probably exceeded 6,000 feet, any original 
gypsum must have dehydrated to anhydrite. As the 
anhydrite in DDH-111 is now at a depth of slightly 
more than 1,000 feet, it is probably unstable in the 
presence of water. 

LEACHED BBECCIA 

Locally, near the apparent depositional margins of 
the gypsum-anhydrite unit, a brown porous rock, here 
termed "leached breccia," is exposed. Leached breccia 
is most abundant ne.'lr the Sandy mine area, at the south 
margin of the main body of gypsum-anhydrite. Small 
amounts are also exposed at the margins of the small 
lens of gypsum-anhydrite just south and west of the 
Crackpot mine; here the change from breccia to gypsum 
occurs within an interval of a few feet. 

Leached breccia. is typically light brown to pale yel
lowish brown and grayish orange, owing to finely dis
seminated hydrous iron oxides. It is composed of lime
stone and s-.tndstone and is cemented with ferruginous 
calcite or calcareous sandstone and siltstone. Voids in 
the rock prob:tbly resulted from the leaching of gypsum 
fragments. Where thoroughly leached, the rock has a 
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l:unl'ycomb appearance, with cavities separated by thin 
.... ptu of ferruginous granular calcite. The cavities are 
lin•~l with minute crystals of rhombohedral and scale
noht>dral calcite. The rock grades from vuggy line
J!r:tiru"llimestone chip breccia to sandstone with sparse 
1 "I!'· In some places bedded limestone grades upward 
'"'bin a foot or two into limestone chip breccia, and 
r iww~ll to leached breccia with some limestone chips. 
l'lm leached breccia is sandier near its top, containing 
m11ch material derived from the Summerville Forma
: tnn and little from the limestone unit of the Todilto. 

lrui:Ly (1957, p. 485) recognized a similar breccia 
nnit in Idaho, Utah, and 'Vyoming near the margin of 
u1 t•xtensive gypsum unit of Jurassic age. There the 
former presence of gypsum is suggested by a unit of 
lorPceiated limestone and red siltstone within the basal 
rd-hed member of the Twin Creek Limestone. He 
-tatrd that "the change from brecciated beds to gypsum 
··an be observed at the outcrop in a number of places. 
The gypsum is represented in the subsurface by white 
anhydrite." 

The leached breccia should not be confused with the 
"·rll-eemented mixture of Todilto and Summerville 
formed during the period of flowage shortly after sedi
mentation; the leached breccia probably formed re
··•·ntly, as the sedimentary cover was removed by erosion. 

, In places intraformational folds in the limestone are 
t nmcated at their tops and are overlain by several feet 
.,f leached breccia. More significantly, in one outcrop 
:d~Hit 6,000 feet no~tli of the Sandy mine area, leached 
hreeeia cuts a diabase· sill and includes many fra!mlents 
l)f diabase; because the diabase was emplaced in late 
Tertiary or possibly Quaternary time, the leached brec
··m can be no older. 

ORIGIN 

That the Todilto Fonnation is largely an evaporite 
tl•'posit is generally agreed, but whether deposition took 
place in a marine embayment or in tt great lake is con
tnwersial. Citing the abundance of sulfate and the 
ah:<cJwe of chloride salts, Harshhar•rer Repennino- and 

. l:! ' b' 
lnnn (1057, p. 46) beliewd that the Todilto was de-
p<:.;itcd from abnormal marine waters in a gulf that 
w:ts <'onnected with the Snmmen·ille sea (fig. 31 in their 
''''l'<llt.). However, J. C'. 'Vright (written commun., 
l!l:•!l) sug-gested, on the basis of abundant stratigraphic 
,.,.Hi•·n~e, that the deposit fonned in tt large lake fed 
hy •lmmage from the southwest. 

.\n~ll'l"&>n and Kirkland {1060, p. 45) observed that 
1' 1'"11 If 11 connection existed between the basin and the 
~~~~·n st>a, there is Rmple e1·idence of abundant flnviRl 
tntlnw, und that this source of wate.r and dissolved salts 
was prolmbl:v predomin~tnt over 11 nutrine source. 

Intertonguing relations (Silver, 1948, fig. 3C) suggest 
that the Todilto began to form during the fin~tl stages 
of Entrada deposition. Possibly limestone began to 
form in the center of the basin and spread laterally as 
the lake(?) expanded. J. C. Wright (written commun., 
1050) suggested that sulfates then began to form in the 
central part of the basin while limestone deposition per
sisted along the edges, because the limestone is generally 
much thicker around the main body of gypsum than 
beneath the gypsum. The limestone-gypsum relation
ship in the Laguna. district supports Wright's inter
pretation. 

Anderson and Kirkland (1960) showed that the lam
ination in the limestone and gypsum was cyclic and 
postulated that the laminae represent annual varves. 
They estimated that the limestone unit was deposited 
in about 14,000 years, and the gypsum unit in about 
6,000 years. 

Postdepositional history of the unit is complex. Dur
ing and after deposition, poorly consolidated limestone 
was deformed by slippage on the limbs of penecontem
poraneous warps. Unconsolidated lime muds at the top 
of the unit apparently flowed freely into shallow de
pressions and in places became intimately mixed with 
loose Summerville sediments. These events may ac
count for most of the structural features associated with 
the Todilto. 

1 The leached breccia may have formed as a result of 
the hydration of anhydrite in late Tertiary or early 
Quaternary time subsequent to the emplacement of the 
diabase sills and dikes. Dominance of anhydrite in the 
subsurface and gypsum at the surface suggests that hy
dration took place as overburden was removed and 
meteoric waters gained access to the unit. If this hy
dration took place under shallow cover, the volume ex
pansion (1.6 times) may have forced the margins of 
the gypsum-anhydrite bodies laterally along the contact 
between the Todilto and Summerville Formations, 
forming a hreceia as it moved. As this breccia became 
exposed to weathering, the brypsum fragments presum
ably were leached. 

SUMl\IERVILLE FORMATION 

The Summerville Formation, of Late Jurassic age, is 
exposed in a line of cliffs that extends across the south
ern part of Mesa Gi~ante and in many buttes and mesas 
west and south of M:esita and La~una (fig. 1, GQ-355, 
354, 210, 212). The southernmost exposure is at Petoch 
Butte. In most areas the Summerville has been eroded 
back from the more resistant Todilto, and it is C!tpped 
everywhere by cliff-forming Bluff Sandstone. 

The Summerville Formation, which is composed of 
interstratified s11.ndy mudstone and sandstone, ranges 
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in thickness from about 90 to about 185 feet. It con
formably overlies the Todilto Formation; the mixture 
of limestone and sandstone along- the cont:wt sng-g'ests 
that tlJCre was no depositional hiatus bet.ween Todilto 
and Summcr\'ille sedimentation. · 

Gulluly and Reeside (lfl28, p. 80) nanwd the Sum
merville Fornmtion from exposures on SummexTille 
Point in the San Rafael Swell, Utah. Harshbarg-er, 
Repenning-, and Irwin (lfl57, p. 39) recop:nized that this 
unit is traceable throug-hout the eastern part of the 
Navajo Country and correlated it with the "buff shale 
and brown-buff sandstone members of the :Morrison 
formation," us recognized by Kelley and 'Vood (1946) 
and Silver (lfl48) in the Lagruut-Luc.ero area,, New 
Mexico. Harshbarg-er, Repenning, and Irwin (1957, 
p. 39) noted. however, that. the boundary between their 
upper sandy and lower silty facies of the Summenille 
is gradational and arbitrary. In this report our usage 
of the term Summerville Formation for the lower silty 
facies of Harshbarger, Repenning, and Irwin (1957, p. 
39) and the huff shale member of Kelley and Wood 
(1946) and Sih·er (1948, p. 77) is identical with that 
of Rapaport, Hadfield, and Olson (1952, p. 27) and 
Freeman and Hilpert (1956, p. 312). The boundary 
between the Summerville and overlying Bluff Forma
tion is chosen as the top of the uppermost mudstone bed. 

According to Silver (1948, p. 77, fig. 1), the Summer
ville Formation (his buff shale member) in the La
guna district thins and coarsens southward, and about 17 
miles south of Petoch Butte it wedges out against the 
unconformably overlying Dakota Sandstone. 'Vithin 
the district it is thinnest ( 96 ft) on the southeast corner 
of Mesa Gigante and thickest (182ft) 21f.l miles west of 
the Crackpot mine. Elsewhere, from Petoch Butte to 
the Jackpile mine (DDH-111), the unit is 120 to about 
150 feet thick. 

In most Summerville exposures, mudstone is domi
nant in the lower half, whereas sandstone is dominant in 
the upper half. Although individual sandstone and 
mudstone beds may be as much as about 15 feet thick, 
particularly near the top of the unit, the Summerville 
as a whole is more characteristically thin bedded. ~1ud

stone and sandstone strata are commonly intensely con
torted, particularly near the base of the unit, and the 
whole unit, is cut by many sandstone pipes and some 
intraformational faults. Simi I a r intraformational 
structural features are characteristic of the formation in 
other parts of the Colorado Plateau (Harshbarger and 
others, 1957, p. 41). 

The sandstone is light brown ( 5Y R 6/4), moderate 
hrown (5YH 4/4), and very pale orange on weathered 
surfaces, and generally nearly white on fresh surfaces. 
It. is fine to very fine grained, well sorted, and friable to 
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well cemented with calcite. l\Iost strata are structure
less, but horizont~llaminae and small- to medium-scale 
cross-laminae can bo distinguished in some strata. The 
sandstone is orthoquartzite to subarkose; it. is composed 
mainly of quartz hut. includes small amounts of feldspar 
and chert, fragments of siltstone and quartzite, and 
trace amounts of mag·net.ite, ilmenite, staurolite, epi
dote, tourmaline, zircon, garnet, apatite, monazite(~), 
and sphene(?). Calcite is the dominant cement. 
Roundness values are 0.4-0.5 (Krumbein, 1941). 

The sandy mudstone strata are light brown (5YR 
6/4), dark reddish brown (lOR 3/4), Yery light gray, 
and moderate greenish yellow (lOY 7 /4) on both weath
ered and fresh surfaces. Viewed in thin section the 
mudstone contains abundant to sparse fine-sand-sized 
particles set in an iron-stained matrix of silt and clay; 
the matrix forms 20 percent or more of the rock. The 
coarsest detrital fraction and the accessory minerals are 
similar to those of the sandstone, but the largest frag
ments are slightly more angular (roundness values 0.3-
0.4; Krumbein, 1941). 

Origin.-Harshbarger, Repenning, and Irwin (1957~ 
p. 48) postulated that the Summerville Formation 
(their lower silty facies) was deposited during the ini
tial transgression of the Summerville sea. and that the 
upper sandy facies (lower part of our Bluff Sandstone) 
was deposited during the regression of the sea. The 
thin-bedded character of most of the formation is con
sistent with deposition in a shallow body of water or on 
a tidal mudflat, and also with the character of the di
rectly underlying and overlying formations. However, 
the absence of fossils is difficult to reconcile with this 
interpretation unless the water was extremely saline; 
if the water was extremely saline, evaporite deposits 
should he more abundant than they are. Finally, the 
lack of sorting in the finer grained material is difficult 
to explain by shallow marine sedimentary processes. 

The close association of well-sorted orthoquartzite 
or subarkose strata with poorly sorted matrix-rich 
sandstone and sa.ndy mudstone strata suggests that the. 
sediments were alternately rapidly introduced and 
gradually reworked. The matrix-rich rocks are prob
ably the result of turbidity flows along the bottom 
of a shallow body of water. Such flows could easily 
have been triggered by the structural warping that is 
known to have begun during or shortly after Todilto 
deposition; this warping probably also accounts for the 
abundant intraformational slump features in the Sum
merville Formation. During the intervals between 
turbidity flows, wave action and bottom currents could 
have winnowed the fines from the turbidity-flow de
posits and produced well-sortedsands. 
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( 'oarsening of grain size and thinning of the Summer-
1 ill" Fonnation southward from Petoch Butte (Silver, 
!!II~) suJ!gest that the source of the sediments and the 
.Io·t""itional edge of the unit was on the flank of the 
""~ollon Highland to the south. 

BLUFF SANDSTONE 

The Bluff Sandstone, of I .. ate Jurassic age, inter
tolli,'lles with the underlying Summerville and with the 
oH·r·lying :Morrison Formation and is well exposed in 
.·IitTs on the west and south sides of .Mesa Gigante and 
, 11 buttes west and south of M:esita and Laguna (fig. 1, 
1 i!~-:l55, 354, 208, 210, 212). The thickness of the 
B"ilf Sandstone ranges from less than 200 to nearly 
1110 feet, but it is about 300 feet in most areas. On 
!'t•toch Butte (fig. 1, GQ-355) the Bluff is unconform
.,h!v overlain by the Dakota Sandstone and is about 
.!:!ti feet thick, which is unquestionably less than its 
11riginal thickness. 

Two stratigraphic parts that were not mapped are 
rwognized in the Bluff Sandstone: a lower part char
aeterized by alternating horizontal and small- to 
medium-scale cross-stratified cosets, and an upper part 
··haracterized by spectacular large-scale cross-stratified 
··n-ets. The boundary between these parts, near the 
.nirldle of the Bluff Sandstone, is gradational. The 
upper part is yellowish gray ( 5Y 7 /2) to grayish yel
low (5Y 8/4) in most of the area but is grayish yellow 
l!fl'l'n (5GY7/2) at South Butte (fig.l, GQ-355). The 
!o\\er part on the south end of Mesa Gigante (fig. 1, 
t i(._l-:.H2) is mostly pale reddish brown (lOR 5/4). 
I [ere the color boundary approximately follows the 
··nntact between the two stratigraphic parts. This 
('olor change, which expresses the distribution of hema
l ite dust in the lower part and of pyrite in the upper 
!•art, may be due to pyritization of previously red-hued 
-andstone and probably has no stratigraphic signifi
··ance. "restward the lower part changes to very pale 
oran!!e (lOYR 8/2) and shades of yellowish gray and 
i~·comes indistinguishable, in color, from the upper 
p:ut. This color change, caused by pyritization of pre
,·iously red-hued sandstone, is related to diabase and has 
1u1 stmtig-raphic significance. 

!tregory (1938, p. 58) named the Bluff Sandstone 
from exposures near Bluff, Utah, and assigned the 
unit to the basal part of the Morrison Formation. 
Latl'r·, Craig and others (1955, p. 134) and Harsh
h.arger, Repenning, and Irwin. (1957, p. 42) separated 
tnp Blntf Sandstone fmm the Morrison Formation and 
a<.,ig-ned it to the uppermost part of the San Rafael 
liroup. Freeman and Hilpert (1956, p. 312) used this 
1 ~>rminology and extended use of the name into the 
Laguna district. In the Navajo country the Bluff 

Sandstone was believed by Harshbarger, Repenning, 
and Irwin (1957, p. 42) to be a tongue of the Cow 
Springs Sandstone. The Cm. Springs Sandstone, a 
thick unit of eolian sandstone west of Gallup, N. Mex., 
intertonguesnorthward with the Summerville and Bluff 
Formations and with the Recapture Member of the 
Morrison Formation. As this stratigraphic sequence 
is exposed in the Laguna district, intertonguing rela
tions may extend eastward from Gallup as well. If 
the correlation of the Bluff Sandstone in the Laguna 
district with the Bluff in the Navajo country is correct, 
the same general source area is indicated. .Much of the 
Bluff Sandstone west of Gallup was derived from the 
Jurassic .Mogollon Highland to the south and west 
(Craig and others, 1955, p. 150; Harshbarger and 
others, 1957, p. 43). 

The Bluff Sandstone of this report is equivalent to 
the upper, sandy facies of the Summerville Formation 
of Harshbarger, Repenning, and Irwin (1957, p. 39) 
and to their Bluff Sandstone. It is also equivalent to 
the brown-buff and white sandstone members of the 
Morrison Formation as defined by Kelley and Wood 
(1946) and Silver (1948, p. 78). 

Except where the Bluff Sandstone is directly over
lain by the Dakota Sandstone, marked local thickness 
changes apparently reflect thickening in the lower part 
of the unit and not relief on the upper contact of the 
Bluff. At one place thickening is known to be related 
to contemporaneous structural depression. The upper 
few feet of the Bluff is horizontally stratified, which 
indicates that the large dunes that probably character
ized the terrain during most of late Bluff time were 
beveled and buried before the advent of Morrison 
sedimentation. 

The lower part of the Bluff is composed of very fine 
to medium-grained fairly well sorted quartzose sand
stone. It is well cemented with calcite and characteris
tically forms high vertical cliffs above the less resistant 
Summerville Formation. The tmit is characterized by 
alternate thin to very thick flat-bedded and crossbedded 
cosets. Individual cmss-strata are small to medium 
scale ( "'enerally less than 20ft long) and are typically 
trough..,shaped. As shown in figure 5B, the dip direc
tions of crossbedding are concentrated in the two east
ern quadrants. On the basis of 81 measurements, the 
mean dip direction isS. 87° E., and the average inclina
tion is 18°. 

The sandstone of the lower part contains about 70 
percent qua1tz, 1-2 percent feldspar, about 1 percent 
chert, and trace amounts of metaquattzite and siltstone 
rock fragments, magnetite( 1), zircon, tourmaline, and 
hypersthene( 1). Thin flakes of clay commonly coat 
sand grains. Feldspars are variably altered, and chert 
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A. UPPER PART 

N 

B. LOWER PART 

FIGURE 5.-0rientatian of crossbedding In Blutl' Sandstone. 
Amount and direction of dip plotted on lower h~misphere of 
Schmidt equal-area projection. 

fragments display an oolitic microcrystalline texture. 
Cementing material consists of calcite, quartz as ori
ented overgrowths on qmtrtz grains, and small amounts 
of hematite. In the lower part the grains are slightly 

I 

finer, less well sorted, and less well rounded than in 
the upper part. The hematite colors the reddish-brown 
sandstone and occurs as dustings on bot.h the detrital 
grains and the oriented quartz overgrowths. The very 
p:tle orange or yellow sandstone conta.ins disseminated 
pyrite grains and sparse to abundant concretions, which 
weather to limonite and hematite. 

The upper patt of the Bluff Sandstone is fine to 
medium grained and vet·y well sorted. It is only mod
eratey well cemented and forms smoothly rounded ex
posures that slope steeply back from the top of the 
lower part. Sets of steeply inclined cross-strata as 
much as 30 feet high are not. uncommon; a single stra
tum can be traced from the bottom to the top of such 
sets, and cross-stratified cosets are truncated at wide 
intervals by thin flat beds. The uppermost several feet 
of the unit is typically flat bedded. As indicated in 
figure 5A, cross-stratification dips northeastward with 
remarkable persistency. On the basis of 63 readings, 
the mean dip direction is N. 78° E., and the average 
inclination is 24°. 

The upper part is compositionally similar to the 
lower part except that it contains slightly less quartz 
(65 percent) and slightly more feldspar (2-3 percent). 
Sorting is good and the grains are well rounded. The 
sandstone is only moderately well cemented with quartz 
and calcite; voids make up 15-20 percent of the rock. 
Quartz overgrowths are not common, and calcite tends 
to occur in isolated patches. Thin flakes of clay com
monly coat sand grains. Pyrite is common in drill 
cores, and small concretions of limonite after pyrite 
are locally abundant. 

Origin.-Harshbarger, &penning, and Irwin (1957, 
p. 39, 42) suggested that the upper sandy facies of their 
Summerville Formation (equivalent to the lower part of 
the Bluff Sandstone in the Laguna district) represents 
nearshore regressive marine deposition. The con
spicuous absence of fossils, however, does not support 
this interpretation. The lower part may be fluvial in 
part, for the cross-strata are largely trough shaped, 
and their average inclination (18°) is similar to that 
reported by Potter (1955, p. 12) for the fluvially de
posited Tertiary Lafayette Formation of former usage 
of western Kentucky. The average eastward dip 
direction of the crossbedding in the lower zone of the 
bluff indicates that the sands were transported east
ward, probably by streams originating in eastern Ari
zona and west-central New Mexico. 

As Bluff sedimentation continued, wind activity ap
parently increased. The spectacular large-scale steeply 
inclined crossbcds of the upper part appear to char
acterize eolian deposits (McKee, 1953, p. 20, 22, 28, 49). 
The good sorting of the sand supports this interpreta-
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.... , Thl' J.:'mnd seale and persistent eastward dip 
, ,,., 11on of the crossbedding sugge;,t that large sand 
, rt• , ''''~"~' moved eastward by exceptionally persistent 

, ,, , 11l111~ westerly winds. 

MORRISON FORMATION 

II>~· ~fmTison Fonnation, of Late Jurassic age, is ex
' •.•• j ••n tho sides of mesas and buttes capped by Dakota 
, , , ·1-tolltl in a belt extending northeastward across 

.. ,J,.rrwt (fig. 1, GQ-355, 354,208,210,212, 209,211, 
: , . The most complete exposures are on the south 
: .,r ('lay Mesa, just north of U.S. Highway 66 near 

.:: :~ .. t. and 2% miles north of Laguna on the road to 
.: " , t ,. • Here, all three members of the Morrison 
.,·,"·'t 1011 and a thick unit of economic importance, the 
i.pdl' ;,:mdstone, are well exposed. In ascending 

: .. :- tht• recognized members are the Recapture, the 
•\ ,. 1 1\alet·Canyon, and the Brushy Basin; the ,Jackpile 

, 1-r om• (of local economic usage) is the uppermost 
,·, , itt the Morrison Formation. The Recapture Mem
.,, ,, ··omposcd of grayish-red and some greenish-gray 

• .. !-toll!', siltstone, and sandstone and a few thin layers 
.i l;mPStone. The Westwater Canyon Member is a 

.i,·.-PI't':td unit of arkosic sandstone. The Bn1shy Ba-
\l;•mh!'r is composed largely of grayish-green mud

... , .. o·ontaining many discontinuous sandstone layers, 
·• ... lol!i;·ally like the "restwater Canyon Member, and 

, l•·ll thin layers of limestone. The Jackpile, a locally 
k unit of dominantly arkosic sandstone, is the chief 

· ,.,. h.•aring unit of the district. The generalized strati
•. , '!·hi·· reln.tions of the members are shown on plate 1. 

l'lt~• Dakota Sandstone unconformably overlies the 
\f.,tTI<on Formation (pl. 1). Southward from the 
1

' f.:pilt• 111ine, where the Morrison is 603 feet thick, 
·· I lakot~t truncates successively lower units in the 

1!"rtNm; and at Petoch Butte (fig. 1, GQ-355) the 
'f"rTJ~'m Formation was completely removed by pre
:' ,:,·>!:t t>rosion. Stratigraphic relations described by 
' .,!,~·and Moench (1961) indicate that the Morrison 
'
1
• ' ' no1'lhwestward as well. The indh·idual members 
f l 

1
11' ~lorrison also appe.ar to thin southward (pl. 1). 

n,. . .\lor1·ison Formation, which was named by Cross 
· -~~~. p. 2) from exposures ncar Morrison, Colo., has 
• ''" n·cn!-.'llized over much of the Rocky Mountain re

.: '
1

' In llo!'lhwestern New :Mexico, Baker, Dane, and 
:, .. ,,of,. I l!l:IG) included in the Morrison ~til units be
" ·•·n tlw Entrada and Dakota Sandstones. In more 

·•·· • ''' litt•ratnre (Craig :md others, 1955, p. 134; Free-
''' .ttulllilpei·t., 1956; Harshbarger :md others, 1957) 

' ' !o.lmt• has been restricted to terrestrial fluvial de
.·~·•- of ,Jurussic age that overlie beds of the San 
i:,t.~o•l <iroup. All these authors recognized the three 

members of t.he Morrison Formation of this report in 
northwest New Mexico. Freeman and Hilpert (1956) 
extended use of the names Recapture, ·westwater Can· 
yon, and Brushy Basin Members to the Lagmm dis
trict, and they (p. 317) informally called the light
colored sandstone unit at t.he top of the Morrison For
mation the Jackpile sandstone bed. 

Although -the age of the Morrison Formation is gen
erally accepted as Late ,Jurassic, Morrison sedimenta
tion may have continued into Early Cretaceous time. 
The angular unconformity between the Morrison For
mation and the Dakota Sandstone definitely marks a 
hiatus between Morrison and Dakota sedimentation, but 
the length of this hiatus is not known. The Jackpile 
sandstone is similar in character and stratigraphic posi
tion to the Burro Canyon Formation, of Early Creta
ceous age, in southwestern Colorado, and the two may 
well be correlative. Like the Burro Canyon (Simmons, 
1957, p. 2523), the Jackpile intertongues with the 
Brushy Basin Member of the Morrison. 

RECAPTURE MEMBER 

The Recapture Member is generally less than 100 feet 
thick in the Laguna district, and in most exposures it 
is less than 50 feet thick (pl. 1). In the southwestern 
part of the district, scours locally cut through the Re
capture Member and into the Bluff Sandstone; these 
scours are filled witl1 sediment of the '\Vest w-ater Canyon 
Member. 

The lower contact of the Recapture Member is gen
erally sharp; it is marked by a downward change from 
the dominantly grayish red of Recapture strata to the 
yellowish (}'ray and grayish yellow green of the Bluff 
Sandstone~ Apparently the contact had little original 
relief. On the east side of Mesa Gigante, however, the 
Recapture Member and Bluff Sandstone intertongue. 
The cont.act between t:he Recapture and Westwater Oan
yon Members also is sharp. Where theW est water Can
yon Member is absent, as at the southeast comer of Mesa 
Gigante, the boundary between ·the Recapture and 
Brushy Basin Members is gradational. 

The Recapture Member is composed of interstrd!tified 
mudstone, siltstone, sandstone, and limestone. Exposed 
surfaces are dominantly grayish-red, but much fresh 
mudstone is grayish green, some of the sandstone is 
o-myish yellow, and most of the limestone is light gray. 
~[ost. of the grayish-red colm·ing is in the finer grained 
clastic rocks. Individual beds are locally as much as 
about. 10 feet thick, ·but most beds are much thinner. 
The mudstone and siltstone ttl'll poorly sort.ed and con
btin vari:tble amounts of fine s:tnd grains. The sand
stone is typically fine gmined, cl:ty cemented, and 
poorly sorted. It is composed of about 55 percent de-
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trital quartz, abundant. feldspar, and smaller amounts 
of clwrt and roek fragments, The rock fragments are 
altered volcanic rO<'k, siltstone, and mudstone, Acces
sory minemls are totmualine, roundt•d zircon, musco
vite, mag-netitt:>, ilnwnitt:>, hematite, and glaucophant:>, 
Somt~ quartz gmins are borderro by worn quartz over
gr·owths. Ft:>ldspar gr·ains are both altered and fresh. 
Clay is the major interstitial materittl, averaging 16 
percen1 of the rock hut ]<><.•ally constituting as much as 
:10 percent of the rock. Calcite :md silica. cements are 
locally abundant. On til(' east side of Mesa Gigante, 
diseontinuous fine- to medium-gmined sandstone strata 
contain deposits of coalified plant debris and ass<><.·iated 
small umnium deposits. Limestone beds are mostly less 
than 1 foot thick, but one bed more than 5 feet thick is 
exposed a short distance southeast of Laguna. The 
limestone is gray, very fine grained, and apparently 
structureless and unfossiliferous. Locally it is a c.on
glomernte composed of tabular fragments of limestone 
and subordinate sandstone and siltstone. 

WESTWATER CANYOlll MEMBER 

The 'Vestwater Canyon Member ranges from about 
10 to 60 feet in thickness on the west side of the district 
and is as much as 90 feet thick at one locality on the east 
side of Mesa Gigante. Where thickest it is comprised 
of two sandstone parts separated by about 3 feet of 
grayish-red siltstone, green sandstone, and light-gray 
limestone. The unit is locally absent on the south end 
of Mesa Gigante. In the northeastern part of the dis
trict (pl. 1), the Westwater Canyon Member is probably 
exceptionally thick, though its base is not exposed. 
Here, the unit forms the floor of the valley of Salado 
Creek (fig. 1, GQ-371) and has been incised to depths 
of more thanlOO feet. The 'Vestwater Canyon andRe
capture Members intertongue; some of the strati
graphically lowest arkosic sandstone beds in the Brushy 
Basin intertongue with the top of the Westwater 
Canyon. 

At its best exposures, about 2% miles north of Laguna 
and on the west side of Mesa Gigante, the Westwater 
Canyon Member forms a prominent bench of grayish
yellow to very pale orange well-cemented sandstone. 
Elsewhere it is less well cemented and forms a slope. 
The sandstone is poorly sorted, fine to coarse grained, 
and subarkosic to arkosic; pink feldspar is conspicuous 
in hand specimens. Pebbles of quartz and chert are 
locally common near the base of the unit. Quartz 
averages 51 percent of the rock, and fresh microcline, 
perthite, and variably altered plagioclase are abundant; 
fmgments of hypabyssal igneous rocks, pegmatite, 
met.aquartzite, limestone, and indurated siltstone are 
common. Fragments are both angular and rounded. 

'Vherc friable, the sandstone may contain no cementing 
material nt all; where well cemt:>nted, it contains various 
forms of silica or calcite ceml•nt. Silica cement. is 
typically in the form of oriented overgrowths on detrital 
grains, locally as chalcedony. and rart:>ly as bands of 
quartz crystals whose crystallographic axes are normal 
to the surfaces of the detrital grains. Small silicified 
logs have been found. 

Small- to medium-scale trough cross-stratification is 
common in the "'estwater Canyon Member. Cross
stratification attitudes measured at widely scattered out
crops are shown in figure 6. Although the spread in 
orientation is great, the dip directions are least abundant 
between N. 55° "'·and S. 35° W., and most abnndant in 
the opposite quadrant. This suggests that the sedi
ments were transported in a generally easterly or north
easterly direction. which is consistent with the data for 
the Bluff Sandstone and Jackpile sandstone. 

BRUSHY BASIN MEMBER 

The Brushy Basin Member is the thickest and most 
widely exposed unit of the ~forrison Formation. 
Beyond the south margin of the Jackpile sandstone the 
member is capped unconformably by the Dakota Sand
stone (pl. 1), and its original thickness cannot be deter
mined. Where the J ackpile sandstone crops out or is 
present in drill holes, the underlying Brushy Basin 
Member ranges from about 220 to nearly 300 feet in 
thickness. 

FIGURE 6.-Dip directions of crossbedding In Westwater Canyon 
Member. Amount and dire<>tlon of dip plotted on lower hemi· 
sphere of Schmidt equal-area projection • 
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Tlu• Brushy Basin Member is chiefly grayish-green 
··'' :. :!) to light greenish gray (5GY 8/1) mudstone. 

1 .,·n j!rayish-red (5R 4/2) mudstone layers oecur 
, • ,11 l._dwut the member but are most abundant near its 
,... Tlw mudstone is typically silty and sandy, but in 

, (,•\\ pla<'l'S it is nearly pure clay. On fresh surfaces 
.. J.,,,," an irregular fissility that is about parallel to 
• 1 ,, II kat ion, but f>tmtification is not obvious. Typi
' 1 h r mt hy went he red surfaces indicate that the roek 
,.,;_,in~ abundant swelling clays. In a suite of mud
.,. ,. -:uuples from the east side of Mesa Gigante, col-

, ,.,J and studied by '\V. D. Keller, montmorillonite is 
,. ,J,,mumnt. clay mineral. Thin-section studies show 
, 1 t lw more firmly cemented beds of mudstone nre 
•'•J••·•·d of an~rular to rounded fine-sand- to silt-sized 
·r•:.·lt·~ l)f quartz, feldspar, and roek fragments and 

,. ".,. raggNl plates of biotite and muscovite embedded 
· 1 , l<'n;:(•, structureless clay matrix. 
~ lll4l"tone strata lithologically similar to the West

. ,r.•r ( 'anyon Member locally make up a large part of 
··,,. Bru~hy Basin Member. As is shown on plate 1, 

.• "I oft hPse strata are thinner and less widespread than 
•,,. We~twater Canyon )fember, although some are 
• til y thick. At two localities on the south end of Mesa 

• • ·:::mtl', -!5- and 85-foot-thick deposits of coarse sand
:.''"' and granule-and-pebble conglomerate were meas
. ,., I. These abnormally thick deposits are localized in 
··rrh-trPnding Jurassic synclines directly beneath the 

I• •kota :o;andstone and could be mistaken for Jackpile 
·nol-tone except that they are stratigraphically too low 
,1-.nt ~:30ft. above the base oft he Morrison). Inst-ead, 

· .. ~ pmhably correlate with a thin discontinuous unit 
i ,,uul~tone in the Brushy Basin on the east and west 

· • "'" nf ~Iesa Gigante. 
l'lu• ~antlstone beds are very pale orange and form 

'· · • II ht>tl<'hl's on the steep slopes of Brushy Basin Mem
··t oull'rops. Internal structural features are similar 

· · ti.'"'-' in the 'Vestwater Canyon Member, and dip di
, .. ~ nn~ of cross-stratification, when plotted, show a 
· :!.u· hrond spread, with a general trend to the east. 

I ·•· thick sandstone bodies on the south end of Mesa 
'; :C'Illtl' are coarser grained than most sandstone beds of 
' ·· 1\nt"hy Basin, and they contain abundant lenses of 
· '

1
'''''' •·onglomemte. The pebbles are intergrown 

· '
11
"' l!rainoo quartz and feldspar, chert, :md quartzite. 

'n,.J-tunt• ft·om thinner strata is poorly sorted and 
""'"'"': it <'ontains, in addition to quartz, abundant 

1'"'hnt•, plagioclase, and fragments of quartzite and 
' ···•~~1 hypabyssal igttl'ous rocks. The igeneous-rock 
'· •o:r~<o•nts •·ontain smallenhPdml phenoervsts of altered 
f, · 1-l•:tr t•rnhPdded in!\ dense mntrix of qt;artz and clay. 
1
, " '"IIdstone is cemented by Qunrtz and calcite. 

· • -'Mz !.wally forms oriented O\'ergrowths on sandstone 

grains or enclosing bands of crystals oriented normal to 
sand-grain surfaces. 

Where sandstone strata of the Bntshy Basin are in 
contact with or n short distanee below the Dakota Sand
stone, they commonly have a chalky-white cast, similar 
to that of the ,Juckpile sandstone. The white cast is 
gi,·en by kaolinite (determined by W. D. Keller), which 
fills pore spaces, and in places thoroughly impregnates 
the sandstone. The kaolinite also occurs as white clots 
about a quarter of an inch across, similar to those in the 
lower parts of the .Jackpile sandstone. ·where the sand
stone beds diverge northward from the Dakota Sand
stone, they contain less kaolinite cement, more calcite 
and silica cement, and more detrital feldspar and rock 
fragments. 

Beds of dark-brown to dark-green massive strongly 
cemented sandstone, generally less than 5 feet thick, are 
sparsely distributed in most Brushy Basin exposures. 
This sandstone is poorly sorted and has the same detrital 
composition as the '\Vest water Canyon Member, but its 
cement is clay. 

Thin unfossiliferous limestone strata are sparsely dis
tributed throughout the Brushy Basin. Most beds are 
a foot or less thick, but one bed about 15 feet thick was 
found northwest of Laguna. Typically the limestone 
is very light gray, dense, and massive. 

In the eastern and northeastern parts of the district, 
a stratum of red volcanic tuff less than 5 feet thick ap
pears to be fairly continuously exposed in the Brushy 
Basin: it is about 100 feet above the base of the Brushy 
Basin . .:\!ember. This stratum was not mapped, but it 
may prm·e to be !l good stratigraphic marker in areas 
northeast of the district. In thin sections the roek ap
pears to be made up of sharp microcrystalline relict 
shards solidly cemented by silica. The red color is given 
by finely disseminated hematite. 

lACXPILE SANDSTONE OF ECONOMIC USAGE 

The Jackpile sandstone is exposed directly beneath 
the Dakota Sandstone in a belt of outcrops that extends 
northeastward across the district (pl. 3) . The most ac
cessible exposures are just north of Laguna and at the 
,Ja,ckpile mine. Because it is the major ore-bearing unit 
of the Laguna district, the Jack"Pile sandstone was 
studied in greater detail tlmn the other sNlimentary 
rocks. The results of this study (Schlee and Moench, 
1\)61) are summarized here. 

The sandstone forms a, northeast-trending belt (Pot
ter, 1962) as much as 13 miles wide and 200 feet thick 
and more than 33 miles long (pl. 3). Not-t.heastward 
t.he sttndstone body brmtdens :tnd divides into at least 
two smaller trough-shRped fingers. Because the de
posit is trtmcated :tt its top by :m angula,r unconformity, 
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it~ )'l"t'Holll tlum•n»ioCill an• snu~ller Umn its ori~inn.l 
tlinu•u!o.wn.., auul it II Ill\" t·utu~·n ably hnn• exh•tHled over 
lliiiUda "ull'r an'&. · · 

'l'hl' .lau·kt•alr !!AtuJ .. tuau• npJ>IIrt'nl ly wns deposited inn 
broad .Jurn~~t· ~>tmduml dt•JH't•.-;,~inn (Schlt'e nml 
MO('uda, Wtil, fil-"'· 4, II). Tlu ... orl!!lll is indicated by 
I lw n•lnt ion,. of ro•:k.; alousr tlu• llll~'lllar unconformity 
bt•llt>:ll h tlu• I lnkutat ~:wd .. tom•, n.'> Sl't'n in exposures on 
the !.outhenst sitlt• of tht• .l:u·kpilt• sandstone body, and 
hy drill-holt• infur111ation from tlu• northwest side of 
the sandstont• hotlr. Furrht•r t'\'id!'m't' is the fact that 
the :Jaekpilt• thick~·n>< h,\' mtt·rtou!.6n~ with the Brushy 
Basm l\It•rnbt•r. Otw IOIIJ!'tll' of the ,Jackpile was map
ped in Oak <"•mJoll, in tht• not1hwest. corner of the 
l\fesita quadmu,:l11 ( li,:. 1, fiQ-210). 

Local ronc<'tllrntion~ o( fossil plant. remains, though 
no~. abundant in tht• .Jnckpllt• sandstone. provide ample 
endeJH'e of tert't'.strial orig'in. Silicified logs as much as 
3 feet in dinnwter ntttl tiO ft•t't Ion!! are abundant in parts 
of the san<btone nrul in son1e placPs appear to have 
formed log jams. Th!'ir branrlll's are gone, which sug
gests that the lo!!s '''t•rp I ran~ ported and rolled for some 
distance from tlll'it· plaee of ori!!in. A small concentra
tion of _coalifiNl plant tlt•hris was found in a collapse 
feature m the .Tack pile miflt•, a11d a large bone fragment, 
probably from n dinosaur, was found in the Woodrow 
collapse feature. 

Both at the surface, and in the subsurface, the upper 
pa~t of the Jaekpile has a pervasi,·e chalky-white cast, 
which re~e~ts its k_aolinitc content. The lower part 
of the unrt 1s yellowtsh gray to Yery pale orange. The 
san?stone throuj!hont is g't>nerally fine to medium 
gramed, poorly sort<'d to moderalelv well sorted and 
friable. It. is compos!'d of detrital.{jtmrtz and ~inor 
amounts of feldspar, cl:ty galls, ehert, and igneous rock 
fragments, and is cemented by ntrious amounts and mix
tur~s of clay! silica, and calcitl'. The unit is composed 
of mterstratJfied lenticular strata that may be several 
feet_ tl~ick. The snnd~tone strata may be ma~ive or may 
exlub1t cosels of medmm-scale trough cross-lamination 
as much as 4 feet thick. A few discontinuous strata of 
greenish-gray bentonitic mudstone occur in most ex-
posures. 

Although we were unable to detect a systematic lateral 
o_r lo~1gitudinal dist ribntion of modal or maximum grain 
~1ze n_1 the sandstone body, n vertical grain-size change 
ts noticeable. In most places the unit is coarser grained 
near its base, but it has snmll aunonnts of co:trse mate
rial throughout. The l:trge~t fragments found in most 
exposures :tre in the~- to 4-mm size range (1-,rranules), 
but coarse pebbles (:3~64 mm) occur locally, particu
larly at the base of the unit. 

The composition of the Jackpile sandstone changes 
upward. 1\fany samples from the lower part are arkose 
or subarkose, and many from the upper part are subar
kose and orthoquartzite (Pettijohn, 1.957, p. 291). Sub
angular to subrounded quartz grains conunonlymake up 
80-95 percent of the detrital fraction, and angular feld
spar fragments (dominantly microcline with subordi
nate plagioclase and perthite) make up 1-19 percent 
(average 5 percent) of the detrital fraction. In thin 
sections, grains display all degrees of alteration; some 
are so badly altered that only the relict outline of the 
grain remains, whereas others in the same thin section 
may be completely unaltered. Some feldspar is exten
sively embayed or almost entirely replaced by calcite. 
Other rock fragments are volcanic debris, polycrystal
line quartz, chert, and mudstone. Inasmuch as most of 
the volcanic rock has been altered, its abundance may 
have been underestimated. A few greatly altered 
grains show relict texture of feldspar laths set in a 
cryptocrystalline groundmass. The dominant heavy 
minerals are zircon and tourmaline; less abundant are 
leucoxene, magnetite rutile, garnet, and sillimanite. 

N e:tr its base the J ackpile sandstone is dominantly cal
cite cemented; upward it becomes increasingly cl;y ce
mented. In typical thick exposures, calcite sand crystals 
are prevalent near the base of the unit, but these, as 
well as finer grained calcite, decrease in abundance up
ward as sinall clots of white clay increase in abundance; 
near the top of the unit the clay may thoroughly cement 
the sandstone. Complete mechanical analyses and 
X-ray analyses of clay were made on six samples from 
the Jackpile mine (John C. Hathaway, analyst). Kao
linite was found to be much more abundant than mixed
layered mica-montmorillonite in the clay fractions of 
four samples of fine- to medium-grained sandstone rich 
in white clay. Two samples of finer grained rocks with 
little visible white clay contained dominant mixed
layered mica-montmorillonite and subordinate kaolinite. 
Hand-picked white clay gave a good kaolinite X-ray 
powder pattern· (determined by )foench). Sand grains 
throughout the unit have quartz overgrowths, com
monly with euhedral crystal faces, and these over
growths locally coalesce and bind several adjoining 
grains. The calcite appears to postdate the clay, but 
the age relations between the quartz and the calcite or 
the clay are not known. 

As seen in thin sections, clay is present in many forms, 
from extremely fine gmined indeterminate agbrregates 
to clots that contain well-crystallized kaolinite booklets. 
~~~ pla_ces clay f0rms aggregates that completely fill 
'l_lterstices, and in places it :tlso coats sand grains as a 
smgle layer of plates oriented normal to the surface of 
sand grains. Elsewhere only isolated clots of clay are 
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• ,,1t.lt• in thin section; these correspond to the specks 
.. ( .. tuto dsly seen in hand specimens and may represent 
'· "~''"l!'hly altered feldspar grains or volcanic debris. 
\ i! 1 h•""'' habits of clay may be observed in a single thin 

XAOLJlfiZATIOlf OF SAllDSTONES 

\ rr hough kaolin is most. abundant in the Jackpile 
. ,.,,J-wne, it is probably also present wherever Jurassic 
• , 1 .• !-tones are truncated by the angular unconformity 
,. •!11• lr.1se of the Dakota Sandstone. This relationship 

, 1, 1 .... st"t'Il on the west side of Mesa Gigante and on the 
. ,J,., of buttes and mesas a short distance southwest of 
• ,. district (toward Acoma Pueblo). In these areas 
·:.•• .J:u·kpile sandstone and successively lower Morrison 
,r,d-rones and the Bluff Sandstone are kaolin rich to 
l··pths of as much as 100 feet below the unconformity. 

.\ n·gional study of the pre-Dakota hiatus by Leopold 
t:•l:l) disclosed the presence of kaolin and kaolin-

• Bu'nted sandstone at the top of the Morrison Forma
·:·111 in northeast Arizona and northwest New Mexico. 
I ~·opold postulated that the kaolin is a product of 
·•••.1thaing under moist conditions that occurred prior 
• .. <!••position of Dakota Sandst~ne. Our observations 
r. the Laguna district (Schlee and Moench, 1961, p. 
: 1:!) support Leopold's conclusion, although possibly 
'

1
·•· kaolinization reflects downward percolation of cor

ro"t\'e solutions as the overlying Dakota Sandstone was 
'• rn:: deposited (H. C. Granger, oral commun., 1962). 
I h•·omposition of the relatively unstable constituents 
nult! result in formation of kaolinite and smaller quan-

.. ,,,.s of other clay minerals, and it could also result in 
·!,,. nhserved relative enrichment of quartz and im
l"'"'rishment of feldspar and rock fragments. Free 
•· r,,.,l l.i!lt'rated during the breakdown of feldspar and 
'nl•·aruc rock fragments may have contributed to silica 
•'lll~>ntation and to silicification of logs in the Jackpile 
·•:•d~tone (Schlee andl\Ioench, 1961, p. 14:3). 

OBI GIN 

.\l'<'ording to Harshbarger, Repenning, and Irwin 
I l:•·,j )> 55) "tl M . f . . 
1 

• • • • ' 1e orl'lson ormation was deposrted 
~·-• a ".Y:<!em_of braided streams on a generally flat sur-
• 

1
: •·. nv~rlymg the deposits of the San Rafael group_ 

1 1
''' 't'<hments are primarily fluvial, consistin<Y of alter-

• '<1!1\IY fl l I . d "' 
... OO< -p arn an channel deposits.'' CraiO' and 

·~ 1 "'l"o ( l!l55, p. 150-152, 15H-157) interpreted tl~e Re
'1'1111'1' ~Irmber, the 1restwater Canyon Member, and 

1 
" '.UH)stone strata of the Brushy Basinl\Iember to be 

'' !•••llsnf t 1 
1 · s rearns t lat. flowed east, northeast, and north 
• "'

11i a l'<lu_ree area south of Gallup, N. :\fex. l\fuch of 
'" ~·ntorutie clay in the Brushy Basin represents Yol

. "
11 

:r lL~h. and the thin limest-one beds may represent 
·I• ll"lrtne 1 · · ( epos1t10n (Craig and others, 1955, p. 157). 

Tho eolian environment of late Bluff time was fol
lowed without a break by the fluvial and lacustrine en
vironment of Recapture time. Although in the Navajo 
country to the west. the Recapture is conglomeratic 
(Harshbarger and others, 1957, p. 52), in the Laguna 
district it contains only fine-grained clastics and lime
stone. This difference suggests that the source area was 
farther from the Laguna district and that streams were 
generally slower moving and lakes more abundant . 

After a period of relatively quiet Recapture sedi
mentation, the source area in west-central New Mexico 
was rejuvenated, and a great apron of coarser sand 
spread over northwest New Mexico and adjacent States 
and formed the Westwater Canyon l\fember (Craig 
and others, 1955, p. 157). The paleocurrent data de
termined from cross-stratification in the Laguna dis
trict, shown in figure 6, are consistent ~ith the hypoth
esis of a source area to the west or southwest. The com
position of the detrital fragments indicates that older 
sedimentary, igneous, and metamorphic rocks were ex
posed in the source area (Craig and others, 1955, p.157). 

Streams from the same general source area continued 
ro deposit similar sands during the formation of the 
Brushy Basin Member. Volc-anic activity was un
doubtedly more prevalent, however, and much volcanic 
ash was reworked by streams to form the thick bentoni
tic mudstone deposits. Some beds of the Brushy Basin 
.Member probably accumulated from ash falls, for shard 
structure has been recognized. The thin limestone beds 
probably formed in scattered lakes on the broad alluvial 
plain. 

The J ackpile sandstone may be a product of a second 
major rejuvenation of the source area south of Gallup. 
Aside from the fact that the sandstone has been exten
sively altered, its composition and internal structure 
are like those of the Westwater Canyon 1\Iember, and 
its cross-stratification indicates that the sediments were 
derived from the same direction. The beltlike shape 
of the Jackpile, branching in a downstream direction, 
could be interpreted as indicating a deltaic depositional 
environment. However, the lack of interdistributary 
deltaic facies in the shales between the branches sug
ge::."'ts that tire Jackpile was deposited far from the sea . 
More likely the sand body was deposited in an area 
where broad alluvittl plains and belt deposits formed 
nnd coalesced, and where distributary and tributary 
branching of the belt sands occurred (Potter, 19H2, fig. 
13). The branching may have resulted from periodic 
channel breakthrough and alluvin,tion on a broad plain, 
such as occurs within the Mississippi alluvial valley. 
The original Jackpile sediments probably spread over 
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a far greater area than we now sec, for pre-Dakota ero
sion has J-emo\·ed an unknown amount of the unit. 

A bro:ul shallow northeast-trending syndine in t.he 
Laguna nrea probably ree{'ived more sediments than the 
bordering areas throughout 1\Iorrison time. The un
conformable 1-elations between Morrison and Dakota 
rocks indicate that the ,Jackpile is partly localized 
within :t broad syneline of post>l\Iorrison, pre-Dakot~ 
age; the fact that the .Jackpile sandstone also thickens 
within this syncline, by intertonguing with the Brushy 
Ba.<;in, suggests that the syncline was growing during 
.Tackpile and late Brushy Basin times. That the aggre
gate thickness of the three members of the l\forrison 
also tends to increase tmmrd the thickest parts of the 
Jackpile sandstone body (pl. 1) suggests that the syn
cline was ·also growing during earlier l\forrison sedimen
tation. Possibly the slowly meandering streams that 
deposited much of the Brushy Basin flowed in this 
broad depression. After rejuvenation in the source 
area, coarser J ackpile sediments were deposited by 
faster flowing streams that followed the same trough, 
and the flood plain gradually became broader. Whether 
or not downwarping continued after Jackpile sedimen
tation is not known; however, the truncating angular 
unconformity at tl1e base of the overlying Dakota sand
stone indica.tes an unknown amount of erosion followed 
by renewed sedimentation. 

DAKOTA SANDSTONE 

The Dakota Sandstone, of Early and Late Cretaceous 
age, unconformably overlies the rocks of Jurassic age 
throughout the Laguna district. The formation ranges 
from less than 5 feet to more than 100 feet in thickness 
and is composed principally of black carbonaceous shale 
and resistant strata of sandstone. The sandstone of the 
Dakota caps many buttes and mesas or forms prominent 
benches below the less resistant Mancos Shale. In 
places coarse sandstone and quart.z conglomerate beds 
are present at the base of the Dakota Sandstone and 
fill broad scours as much as 20 feet deep in the under
lying Morrison Formation. In many areas, however, 
black shale rests directly on the Morrison. In 
the northeastem part of the area, where the formation 
is locally composed wholly of black shale, the Dakota 
shale is distinguishable from the overlying Mancos 
Shale only by slight differences in bedding and by the 
slightly darker color of the Dakota shale. 

The name Dakota Sandstone has been applied con
sistently (except by Young, 1960) to the lowermost 
strata of Cretaceous age that unconformably rest on the 
Jurassic and older strata in northwest New Mexico. 
Dane (1960, p. 48 and fig. 2) reported that on the ea.<;t 
and south sides of Mount Taylor the name Dakota has 

been applied only t.o a lower tougue of what has boon 
c:tlled Dakoht to the northeast. On the west side of the 
Nacimiento Mounhtins, the name is applied to a car
bonaceous shale and coal unit plus a widespread overly
ing sandstone unit :tnd a discontinuous underlying 
sandstone unit. Southward the upper sandstone unit 
pinches out, the carbonaceous shale unit becomes part 
of the l\fancos Shale, and the lower sandstone unit 
extends through most of the Laguna district and carries 
the name Dakota (Dane, 1960, fig. 2). Cobban and 
Reeside (1952, chart lOb) showed the Dakota Sand
stone of New ::\Iexico as the lowermost unit of Late 
Cretaceous age. Dane (1959, p. 90) reported the oc
currence of Halynwnites major Lesquereaux in an ex
posure of the bas~tl part of the Dakota Sandstone 4 
miles northwest of Acoma and stated that this fossil is 
supposedly restricted to marine rocks, especially sand
stones not older than Late Cretaceous. In the Gallup 
area, however, Dane and Bachman (1957a, p. 97) 
pointed out that the Dakota Sandstone may be partly 
of Early Cretaceous age, as well as of Late Cretaceous 
age. 

In the Laguna district the Dakota is thickest on Mesa 
Gigante (fig. 1, GQ-212) and thinnest in the western 
and northeastern parts of the district. Channeling of 
basal coarse sandstone beds into the Morrison Forma
tion accounts for local thickening of as much as 20 feet 
but does not account for the major regional variations. 
An upper bed of sandstone forn1s a good mapping hori
zon only locally. Possibly the Dakota Sandstone thins 
by loss of sandstone strata at its top and intertongues 
with the overlying Mancos Shale. 

Typically the sandstone of the Dakota forms promi
nent benches and vertical cliffs. In places there are as 
many as four sandstone layers separated by friable silt
stone and black shale layers. The sandstone is mostly 
shades of tan and orange but is locally white. Dark
brown and black manganese and iron stain is common 
on weathered surfaces. 

Most of the sandstone is fine to medium grained, 
well sorted, and solidly cemented with silica, rarely 
with calcite. Well-sorted angular to rounded quartz 
grains form 75-80 percent of the rock. Feldspar 
grains make up a trace to 2 percent of the rock, and 
microcline is more abundant than plagioclase. Sparse 
chert, quartzite, and solidly cemented siltstone frag
ments are also present. Sparse accessory detrital min
erals are zircon, partly altered magnetite and ilmen
ite(?), apatite, tourmaline, and biotite. Limonite is 
abundant in the interstices and accounts for the orange 
and brown hues of the rock. The conglomerate near 
the ba.<;e of the unit contains pebbles and sparse cobbles 
of quartz, chert, and well-cemented quartz sandstone 
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1 .• , .. m••ntNl by quartz and calcite. The sandstone 
.1 , • •nj!lorut~rate strata near the base of the D:tkota 

.. 1 •.• .II} have small- to medium-scale trough and 
·• 1r n•·•l:ro cross-lamination sets. The sandstone 
• 1 !iw top of tho unit is typically thinly even bedded 
1 •• low:LIIY cross-laminated in small-scale sets. 
1 •. •• bhu·k shale is commonly thinly interstratified 
... ,tlr,..rone and fine-grained sandstone. In many 

• 1-, .•~ at the Jackpile mine, a thin bed of fissile black 
,:,. m:Lrks the base of the unit. Pyrite commonly 
::.- rlun films along joints and paper-thin discon
''''" laminations parallel to the fissility. At the 

·" ·.pd•· mine, and probably elsewhere, the black shale 
.. • , • 1" abundant minute rounded white blebs of a 
, \, .;ubstance. 

\IASCOS SHALE AND MESAVERDE GROUP 

fi.,. Cpper Cretaceous strata, including the thin 
: • ~ .. ra :-iandstone, have a total exposed thickness of 

oo11t :!.:100 feet, but they once formed a cover perhaps 
· ...•. this thick over the region. The upper part of 
. , -•···tion is best exposed along Mesa Chivat{), on the 
.,., hwl',t side of the area (fig. 1, GQ-207, 209) and the 
· •. ··r part is exposed over broad areas in lower mesas 

i hnttl's south and east of Mesa Chivato. As 
· ·1·1~ cit-scribed by Sears, Hunt, and Hendricks (1941) 
· ·i i·:· Pike (1947), the Mancos Shale and Mesaverde 

'· :·. •'I p intertongue over a broad area and represent al
•: ll'tllllg' marine transgressions and regressions. In 
· · n•port these two units are described under a single 
• Hllll!! because the area of intewnguing relations is 
·'~··h larg-er than the Laguna district, so that parts of 

'; •· .\fancos Shale are exposed far aboYe the base of 
· •· .\l!'.-..'1\'erde Group. In the Laguna area the Upper 
:•·t:~;·l•on~ deposits form a simple succession, and no 
·· u11it is known to wedge out within the area. 
l'i"· .\[esaverde Group, whose lowermost unit. is the 

'' diotp 8andstone, overlies most of the .Mancos Shale 
'.t mdndes the :Mulatto and Satan Tongues of the l\Ian
"~ Ill• II above its base. These tongues thicken and con
·.·:·;.."' nnti heastward with the main body of Mancos 

' II••. and they pinch out southwestward (Sears and 
•··"1', 1!41, pl. 26; Pike, 1947, pl. 12). 

!;,,th the Mancos and Mesaverde once had fornm
... ,,.d ~tlltns (Sears and others, 1941; Pike, l!l47), but 
· · ·· \f··~:Wl'rde has since been given group status and its 

'-':
1 ~<in;t~ formtttions named (Beaumont and others, 

· ' ·'• 1• I he stmtigmphic nomenclature used here is 
• : •t 11 't•d in reports by Dane and Bachman (Hl57a, b), 
1

' "·•·. B:~ .. hnum, and Reeside (1957), and Dane (195!), 
.. ''I. 

\f f'iu, major stratigraphic units of the intertonguing 
··..,n·t•rde Group and Mancos Shale above the main 

body of Mancos are, in ascending order, the Gallup 
Sandstone, the Dileo Coal Member of the Crevasse 
Canyon Formation, the Mulatto Tongue of the Mancos 
Shale, the Dalton Sandstone and Gibson Coal Members 
of the Crevasse Canyon Formation, the Hosta Tongue 
of the Point Lookout Sandstone, the Satan Tongue of 
the Mancos Shale, and the Point Lookout Sandstone. 
The Mancos Shale beneath the Gallup Sandstone is 
divided into seven mappable units-a lower part con
sisting of six alternating units of shale and sandstone 
overlain by a thick body of shale. The three sand
stone units in the lower part of the Mancos extend 
across the Laguna district. Foll{)wing Herrick's 
( 1900) original account, Dane ( 1959) applied the name 
Tres Hermanos only t{) the second, or middle, of the 
three prominent· sandstone units. For simplicity in 
this report, the three sandstone units are called the 
lower, middle, and upper sandstone units of the lower 
part of the Mancos Shale. 

Lower part of Mancos Shale 

The three sandstone and intervening shale units of 
the lower part of the Mancos Shale aggregate about 
350 feet in thickness. Typically the upper contact of 
each sandstone unit is sharp; the overlying shale unit 
is readily eroded, so that the sandstone forms promi
nent topographic benches and cliffs. In contrast, the 
lower contact of each sandstone unit is gradational ; 
well-cemented fine-grained sandstone grades downward 
into friable siltstone, and thence into shale. 

The lower sandstone unit forn1s a prominent yellow
ish-gray to pale-yellowish-bro'm topographic bench. 
It is typically about 20 feet thick and thinly bedded to 
massiYe and contains a few thin beds of siltstone and 
shale. It is fine- to medium-grained fairly well sorted 
orthoquartzite to subarkose. It contains as much as 70 
percent quartz and 7 percent feldspar, plus small 
amounts of chert and polycrystalline quartz. Acces
sory minerals are opaques, rounded zircon, tourmaline, 
and staurolite. The rock is cemented mainly by calcite 
and partly by clay. 

The middle sandstone unit, mlled the Tres Hermanos 
Sandstone Member of the Mancos in nearby areas, is 
t.he most extensive of the three sandstones. It extends 
f:tr northeast of the Laguna district (Hunt, 1936, p. 43) 
and is the approximate age equivalent of the Greenhorn 
Limestone in Kansas (Dane, 1959, p. 89). In the 
Lagnn:t district it is 25-30 feet thick and is typically 
di\·id('tl in t.he middle by :1. thin siltstone or cttlcarenite 
bl'<l which causes the unit to erode to tt characteristic 
double bench. The most striking feature of this unit 
is the abundant dark-brown-weathering calcareous con
cretions, some of which are several :feet in diameter. 
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Tho middle snndstone uni,t is grayish orange, yellow
ish gmy, ot· palo yellowish brown nnd is typically thinly 
to thickly even bedded :md is locally medium-soale 
eross-st.mt.ilied. The rock is fine- to medium-gmined 
well-sorted orthoquartzite to subarkost', Qua.rtz com
poses an :wet-:tge of 70 percent of the rock; feldspar, 
most of which is partly altered, composes about 2 per
cent; and chert oomposes about 1 percent. Fragments 
of quartzite, shale, and siltstone are present but sparse. 
Accessory minerals are ziroon, opaques, sphene, and 
leuooxene. 

The upper sandstone unit is the .thickest of the three 
in most of the area. It is 35-60 foot thick and is sepa
r:tted from the middle unit by 100-150 feet of shale and 
siltstone. In many places it forms high cliffs, and its 
gmdation at the base to siltstone and shale can easily 
be observed. The sandstone is gmyisb orange to yel
lowish gmy on weathered surfaces and slightly lighter 
on fresh surfaces. It is flat bedded and ranges from 
thin to thick bedded. The ooarsest material, near the 
top of the unit, is fine to medium grained, well sorted, 
and fairly well cemented. Quartz is the main constit
uent, but some altered feldspar and abundantly dissemi
nated black accessory detrital grains are visible in hand 
specimens. 

The shale units between the three sandstone units are 
various shades of gmy, 'and the lowermost darkens 
downward to nearly black. The basal, black shale is 
similar to that in the Dakota, and where sandstone is 
absent the contact between Dakota and Manoos strafu 
is gradational. In most areas the top of the uppermost 
quartz sandstone bed of the Dakota is chosen as the 
contact between the two formations. The shale be
tween the three sandstone units of the lower part of the 
Mancos Shale is laminated to thin bedded and is inter
bedded with thin beds of siltstone and limestone. 

Main body ot Mancos Shale 

The main body of the Mancos Shale, which lies above 
the three sandstone units, is about 750 feet thick and 
forms steep, oommonly rubble-covered slopes on the 
east side of Mesa Chivato (fig. 1, GQ,-207, 209). For 
lack of good exposures, this unit was not measured in 
the field. The shale is various shades of gray and oon
tains a few strat'!t of yellowish-gray or grayish-orange 
sandstone. The sandstone strata '!tre sharply bounded 
at their top by shale, and they grade downward to silt
stone and shale. They may be equivalent to the tongues 
of Gallup Sandstone described by Dane (1960). The 
lower p:trt of the main body of shale is wavy laminated 
to thin bedded, calcareous, and limonite stAI.ined along 
bedding, and it oontains thin limestone beth. 

Gallup Sandstone 

The Gallup S:mdstone, the lowest unit of the Mesa
verde Group, forms n. pt·ominent bench on the south and 
east sides of Me&t Chivn.to (Jig. I, GQ-207, 209). Only 
the upper member of the Gallup Sandstone-the Gal
lego Sandstone Member (Dane, 1960, fig. 2; Dane and 
others, 1957, fig. 4)-was mapped in the Lag!llla 
district. 

The Gallup Sandstone oft he Laguna district is about 
80 feet thick. In most places it is very pale orange to 
gmyish ora.nge, but locally it is stained darker by hy
drous iron oxides. In the northeastern part of the area, 
the upper part of the unit is nearly white and has a 
thin limonite zone a:t the top; here, the lower 25 feet of 
the unit forms n. vertical cliff, whereas the upper part 
has eroded to a steep slope having rounded forms and a 
peculiar polygonal jointing, much as shown by Sears, 
Hunt, :tnd Hendricks (1941, pl. 29B). The sandstone 
is fine grained, mOderately well sorted and poorly to 
well cemented with quartz, and it oontains abundant 
feldsp-a.r and some mica flakes. Concretions of hematite 
and limonite after pyrite are locally abtmdant, and 
fresh pyrite has been found in a carbonaceous zone nea.r 
the base of the unit. The lower part of the unit is 
thinly ·to thickly even bedded; the upper part is cross
stratified. The cross-stratification is planar and forms 
sets 1-5 feet thick. 

DUco Coal Member of Crevasse Ca.nyon Formation 

The Dileo Coal Member forms a ribbed slope that re
cedes from the cliffs of the !lllderlying Gallup Sand
stone, ·and in most areas it is largely oovered with rubble. 
In the Laguna district the unit is composed of inter
bedded sandstone, siltstone, and shale; a short distance 
south and west of the district, however, the unit includes 
some coal (Sears and others, 1941, pl. 26, measured sec
tions 27, 28) . The Dileo is about 85 feet thick in the 
district, but to the north it thins and disappears (Sears 
and others, 1941, pl. 26). 

The interbedded sandstone and shale or siltstone 
strata range from about 2 to 13 feet in thickness. Shale 
strata tend to be thickest near the base of the unit, but 
the proportion of saud to shale or siltstone strata for 
the whole !lllit is about 1: 1. The sandstone is many 
shades of orange and light brown, fine to very fine 
grained, firmly calcite cemented, and flat bedded; locally 
it contains thin limonitic layers and flecks of carbona
ceous m:tterial. The siltstone is grayish orange to 
very pale orange, fria:ble :to well cemented with calcite, 

I and laminated to massive. The shale is grayish brown 
(5YR 5/2), laminated, fissile, and, locally, iron stained. 
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Wool*llo TODKUe of Mancos Shale 

J'!u• ~luhtt.to Tongue rnnges from about 320 to 380 
1, •• 1 , 11 t hir·knL>SS and averages about 350 feet thick. Far 
: ,,1 1 It uf the district it thickens :tnd merges with 
,, ,. Jllain hody of the Mancos Shale (Sears and others, 
.. •II. pl. :!fi). Exposures are sparse in the Laguna dis
,, . t. for· the unit typically forms a rubble-covered slope. 
(),,• 1111 it includes a few sandstone strata, and these have 
• -h:trp upper contact and a gradational lower contact. 
1 , ·"··l.oyeta Canyon (fig. 1, GQ-207) the graded shale-

" d-totlll sequence is reperuted three times-in the 
, , ··r tii> feet of the unit, in the middle 155 feet, and in 
,.. 11 ppt'r 130 feet. In the lower part, fissile olive-gray 
, it• ~trades upward to yellowish-gray very fine grnined 

.:.·1-tone that is well cemented with calcite and forms 
, -uhdued bench. In the middle part, interbedded 
, . , ··-gmy shale and yellowish-gray siltstone grade up
., ,,.t to very pale orange very fine grained sandstone 
· ·, tr fonns a second subdued bench. In the upper part, 
in thlt> very pale ornnge to pale-yellowish-brown silt
.·, .rw grades upward to yellowish-gray very fine grained 
.• nably cemented sandstone; a fairly well cemented 
:·•'"' forms a small bench in the middle of the upper 
·'""l~tone part. 
""Ito~• Sandstone Member of Crevasse Canyon Formation 

l'iw Dalton Sandstone )!ember is about 125 feet thick 
''"' i'i expressed topographically as two prominent sand
''"'"' benches separated by a siltstone slope. In Se· 
!.,~··ta Canyon '(fig. 1, GQ-207) the upper and lower 
""[.;tone beds are 62 and 18 feet thick, respectively, and 

• n· "'parated by 43 feet of poorly exposed slope-forming 
. 1• ,, one. The lower sandstone is grayish orange to yel

:.," 1~h gt-ay, fine grained, well cemented, and laminated 
'" thin bedded. It grades downward into less well 
··n.t•nted very fine grained sandstone in the upper part 
·i 1 lw )fulatto Tongue of the )Iancos Shale. The upper 
·.t!.d,tone is moderate orange pink to very pale orange, 
· ra• to n•ry fine grained, modemtely well cemented, and 
'' ·'"i\·e to faintly stratified; near the top it becomes fine 
'" nw<lium grained and less well cemented. 
'.1 hoon Coal Member of crevasse Canyon Formation 

Tim Gibson Coal .Member, which in past years has 
""'' mined for coal at several small adits in Bibo and 
"··l.,,vet:t Canyons, is about. 290 feet thick and forms 
:"I"'' wid1 small benches. Exposures are poor, how
'"·•·r. and typically rubble rovered. The unit is com· 
l• .... ~[ mostly of interstratified sandstone, siltstone, and 

· do•: hut in n section measured in Seboyeta Canyon, 
• · 11 l~t·tl~ of eoal were found in zones about 1:30,155, 170, 
'· . .j '2il0 ft•et above the base of the unit. The sandstone, 
':::··it forms beds as much as 15 feet thick, is typically 
... d,,,.lsh gray to grayish ornnge, fine gmined, and gen
. rally poorly cemented; some sandstone beds show 

small-scale planar cross-strntifieation. Tho shale is 
largely dark colored :md probably carbonaceous and is 
fissile; in places it is laminated. 
Host& Tongue of Point Lookout Sandstone 

The Hosta Tongue, which ranges from 90 to 115 feet 
in thickness, is exposed near Seboyeta, where it forms 
a prominent topographic bench. The lower 70 feet or 
so of the unit is entirely sandstone, whereas the upper 
20 feet or more is sandstone and shale in alternating thin 
to thick beds that probably reflect the intertonguing 
contact between the Hosta and Satan Tongues. The 
main mass of sandstone is pale olive to very pale orange, 
fine to medium grained, well sorted, and moderately 
well cemented. .Most of the unit is thinly even bedded, 
but cross-stratification is present in small- to medium
seale planar sets. The shale of the upper part of the 
unit is dark gray and is interstratified with fine- to 
medium-grained evenly stratified and cross-stratified 
sandstone that is much like that of the main mass. 
Satan Tongue of Mancos Shale 

The Satan Tongue, which is less than 50 feet thick, is 
exposed near Seboyeta (fig. 1, GQ-207). Sears, Hunt, 
and Hendricks (1941, pl. 26) did not trace this unit as 
far south as Seboyeta Canyon, but a few exposures a 
short distance beneath the basalt rim of Mesa Chivato 
indicate that it is present. The Satan Tongue is com
posed of black to light-gray and brownish-gray siltstone 
and shale in beds about 2 feet thick. 
Point Lookout Sandstone 

The Point Lookout Sandstone is the uppermost strati
graphic unit of Mesozoic age exposed in the area. Its 
top is not exposed, but at least 120 feet of its lower 
strata is exposed locally. This may be almost the true 
thickness, inasmueh as the unit forms a prominent topo
graphic bench and the slopes abo\·e it are less steep 
and rubble covered. The Point Lookout Sandstone is 
grayish orange to very pale orange, fine to medium 
grained, poorly sorted in its coarser parts, and f~irly 
well cemented. Planar medium-scale eross-strat1fica· 
tion is locally conspicuous. 
Origin of Cretaceous deposits 

The thick intertonguing sequence of Mancos and 
Mesaverde strata was deposited during a series of trans
gressions and regressions of a sea in Late Cretaceous 
time. The thick shale deposits of the Mancos and the 
relatively thin sandstone deposits near the base of that 
unit for;ned in the neritic and littoral marine zones, 
whereas the varied deposits of the Mesaverde Group 
accumulated under littoral, estuarine, paludal, fluvial, 
ttnd possibly lagoonal and deltaic conditions (Pike, 
1947, p. 15). Shorelines advanced generally from 
northeast to southwest (Pike, 1947, p. 7), and sediments 
were derived from a landmass to tho southwest. Soars, 
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Hunt, and Hendricks (1941) and Pike (1947) fully 
described the procesSl's of tmnsgression and rl'gression; 
so these processes are not discussed here. These authors 
believed that all the deposits accumulated in a gently 
subsiding basin and that thl' formation of transgressive 
and regressive deposits dep<'nded upon the relative rates 
of subsidence and sedim<'ntation. "When subsidence 
predominated, the sea transgressed; when sedimenta· 
tion prevailed, the sea regressed (Sears and others, 
1941, p.104; Pike, 1947, p.15). 

The Dakota Sandstone represents the first major 
transgression in Late Cretnceous time. Thin fluvial 
sands and then swamp and estuarine deposits accumu
lated as inundation progressed; these, in tum, were 
buried in most places by littoral sands and, finally, by 
neritic shale of the Mancos. Except during three par
tial regressions, probably only to the littoral zone in 
the Laguna area, neritic conditions prevailed through
out Mancos deposition. The three partial regressions 
are represented by the three sandstone units in the lower 
part of the Mancos. 

The Gallup Sandstone represents the first major re
gression in the Laguna district, probably to near-shore 
and beach deposition. The interstratified sandstone, 
siltstone, and shale deposits of the Dileo Coall\Iember 
of the Crevasse Canyon Formation probably represent 
near-shore (both landward and seaward) deposition 
during the read vance of the Mancos sea; the coal de
posits south of the area formed under paludal condi
tions. The Mulatto Tongue of the Mancos Shale then 
formed under neritic conditions. The Dalton Sand
stone Member of the Crevasse Canyon Formation rep
resents the second major regression, after which this 
unit was buried by the thick partly paludal deposits of 
the Gibson Coal Member of Crevasse Canyon Forma
tion. The Hosta and the thin Satan Tongues of the 
Mancos Shale represent the final transgression, after 
which these units were buried by the regressive Point 
Lookout Sandstone. Thick continental deposits of the 
Mesaverde Group and marine deposits of the Upper 
Cretaceous Lewis Shale undoubtedly also accumulated 
in the Laguna district, but t.he record has been destroyed 
by erosion. 

IGNEOtrS ROCKS 

The Laguna district is on the east side of the Mount 
Taylor volcanic field, a northeast-trending belt of ba
saltic cones, plugs, and flows centering at Mount Taylor. 
Mount Taylor itself is a large deeply disseeted stratified 
volcano of acidic to intermediate composition (Hunt, 
1938). The east side of Mount Taylor extends into the 

west side of the ma.pped area (fig. 1, GQ-207), where 
interstratified acidic. pyroclastic deposits and olivine ba
salt flows form the cap on Mesa Chivato. Many 
younger flows also cap lower erosion surfaces, and some 
are near the level of the Rio San Jose. Diabase sills 
and dikes are abundant in the district, and a dike of 
monchiquite (a lamprophyre composed of pyroxene and 
olidne crystals in a groundmass of analcime) is exposed 
about 1 mile southwest of the Sandy mine (fig. 1, GQ-
354). 

AGE 

The oldest basalt flows of the district form the top of 
Mesa Chivato, where they overlie tilted and folded 
Cretaceous strata with marked angular unconformity. 
Probably correlative ''"ith this erosion surface in Mesa 
Chivato is the so-called Ortiz surface, which truncates 
deformed strata of the Santa Fe Group in the Rio 
Grande depression. As the Ortiz surface is probably 
late Pliocene or Pleistocene in age (Bryan and McCann, 
1936, 1938; Wright, 1946), the basalts on Mesa Chivato 
are probably the same age or younger. Hunt (1938, p. 
65) suggested that the basalts erupted "soon after the 
pediment was formed, because the smooth surface bevel
ing resistant sandstone and easily eroded shale would 
not otherwise be preserved." \Vhen the basalts erupted 
however, the surface may have been partly dissected, for 
the east -rim of Canyon Diablo (fig. 1, GQ-209) is 
200--300 feet lower than the main surface but is capped 
by basalt similar to the second flow on Mesa Chivato. 

Fossils at two localities on top of the fourth flow 
( QTb.) corroborate the suggested Pliocene or Pleisto
cene age for the older flows. One locality is near the 
south end of Mesa Chivato (fig. 1, GQ-207), where a 
bed of white limestone about 2 feet thick between the 
fourth and fifth flows contains abundant fresh-water 
mollusks. Dwight W. Taylor of the U.S. Geological 
Survey identified the following: 

Fresh-water clam: 
Pisidium caaertanum (Poll) 

Fresh-water snails: 
F08Barla abruBsa (Say) 
Gyraulus parvua (Say) 
Phyaa 

Land snails: 
Pupilla 
Vertigo 
ct. I!Juccinea 

The other locality is on an erosional relict of Mesa Chi
vato in the northwest comer of the Mesita quadrangle 
(fig. 1, GQ-210) where a fossiliferous limestone bed fills 
a broad depression. Taylor identified the following 
from this locality. 
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•·re•h-water clam: 

PiBid.lum oaBcrtanum (Poll) 
E'l"f'Rh·water snails: 

Stagnicola palustris (Muller) 
Fossaria abrussa (Say) 
Guraulus parvus (Say) 
Physa 
FerriBBi 

r..and snails : 
Pupilla 
Vall&nia 

.\ccording to Taylor (written commun., 1958),·these 
two assemblages are probably Pliocene or Pleistocene in 
:l!!ll: the few identifiable ·species do not permit a more 
prPcise age assignment. The limestone at both locali
ties probably represents deposition in shallow ponds 
that. filled local depressions in the basalt. 
~lost basalt flows on Mesa Chivato were extruded from 

,·ents and fissures after the Mount Taylor volcano be
came quiescent, but two are known to predate at least 
the latest eruptions. Of 11 recognized basalt flows on 
.\Iesa Chivato, the upper 7 overlap or intertongue with 
an alluvial cone built eastward from Mount Taylor, the 
lower 4 are buried by tlus cone, and the lower 2 are over
lain by more than 100 feet of air-dropped ash and lapilli 
tuff (pl. 2). Closer to the center of Mount Taylor, the 
oldest flows may have been buried by more than 1,000 
feet of pyroclastics. Near the east side of the Mount 
Taylor amphitheater (Hunt, 1938, p. 65), a plug of 
olivine basalt, petrographically similar to the second 
flow on :M:esa Chivato, intrudes Cretaceous sedimentary 
strata. Evidently this plug was buried by a considera
ble thickness of pyroclastics and was later exhumed 
during the erosional breaching of ::Vfount Taylor. 
These relations indicate that at least two basalt flows 
were extruded while the volcano was active, and that the 
upper nine flows on Mesa Chivato were extruded proba
bly short1y n.fter the volcano became quiescent nnd while 
a large alluvial cone grew eastward from it. 

Several subsequent basalt flows were extruded on suc
cessively lower and younger erosion surfaces (pl. 2). 
The two flows on Clay Mesa and the cone from which 
they flowed ( QTb, 2, QTb, 3 ) overlie the Wheat Moun
tain erosion surface, which was formed 200 feet below 
the basalt-capped Mesa Chi,·ato erosion surface; two 
flows (pl. 2, Qb0 ; fig. 1, GQ-354, Qb3 ) are on or near 
the present level of erosion. The flow labeled Qb~ is 
belie,·ed to be older than Qb3 because it has been patily 
eroded by the Rio San Jose, and it is more completely 
buried by alluvial and eolian sands than Qb3. 

1'he great amount of erosion below the level of Mesa 
Chivato suggests that the flows on the high erosion sur
faces, such as the Wheat Mountain and 1\Iesa Chivato 
surface.s (pl. 2), are latest Tertiary or possibly early 

221-688 0- 6'1' - 3 

Pleistocene in age, and those that are on or near the 
present level of erosion are Quaternary in age. 

The diabase sills and dikes were probably emplaced 
in late Tertiary time after structural tilting at the mar
gin of the San Juan Basin, before the extrusion of the 
basalt flows, and during the period of fracturing that 
accompanied tectonic activity in the Rio ~rande de
pression. As described later, most of t~1e sills are con
fined to a thin zone that cuts subhor1zontally across 
tilted strata, suggesting that emplacement postdated 
tilting. The Dough Mountain plug (fig. 1, GQ-354), 
which is composed of basalt similar to ~hat of the ~
ond oldest flow on Mesa Chivato, contams angular m
clusions of diabase. The absence of olivine in the dia
base and its presence in all the basalts (table 3) further 
suggests that the diabase is not related to the basalt. 
The relations between dikes, sills, joints, and faults, 
described later, ~ndicate that fracturing overlapped t~e 
emplacement of diabase in time. Fractur~g, in turn, ~s 
inferred to have accompanied late Tertiary tect<>mc 
activity in the Rio Grande depressio~. . . 

The monchiquite dike intrudes a diabase sill, and It 
probably also transects a fault that cuts the same sill. 

DIABASE 

As can be seen on plate 4, the diabase dikes strike 
north to north-northwest, and most of them dip steeply 
west or east· a few exposed about 2 miles west of Mesita 
dip east or ~est at angles as low as 25°. The dikes are 
as much as 5 miles long and rarely are more than 10 
feet thick. Many dikes have remarkably consis~ent 
strike and dip, although locally they may ~eflect mto 
the flat bedding of the country rocks. Their contacts 
are marked by chill zones a few inches thick that are ex
tremely tough and resistant to erosi~n, whereas ~he 
central, coarser parts are typically fnable an~ easily 
eroded. Though small displacements across dikes are 
common, there is no evidence that dikes were intru~ed 
along preexisting faults or that faults follow preexist-
ing dikes. . . 

In ronny places, high-angle dikes deflect mto nearly 
horizontal sills which elsewhere are deflected down
ward to form o~her dikes. (Though a sill by definition 
is conformable to the country rocks, in this report the 
term is applied to sheetlike intrusives that are nearly 
flat-lying nnd generally conformable but locally break 
across the stratification.) 

Diabase sills seem to be most abundant in the vicinity 
of tho Sandy mine (fig. 1, GQ-354, 210), but they are 
also widelv distributed in other parts of the Laguna 
district, m;d they may extend beneath large areas.. The 
sills range in thickness from less than 1 foot to shghtly 

I 
more than 80 feet; the thickest sill occurs east of the 
Sandy mine area. Most appear to be confined to a 
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single subhorizontal zone that. rises st.ratigmphieally 
northward nntl westward from Triassic through .Turns
sic and into Cret:H'cous strata. Ber:mse these strata 
dip gently northward, t.he sills tend to mn.int:1in :m al
titude of about 5,700-(i,200 feet. Available drill data 
support. these relations, for diabase wns found only at 
an altitude of 5,976 feet in DDH-111 (1,129 ft d('('p), 
at the .Jackpile mine. 

The dimensional uniformity of a sill apparently re
flect.'> the character of the sedimentary rock it cuts. 
Sills in the Todilto Formation and Dakota Sandstone 
are extensi,·e tmd rclat.iYely unifonn in thickness, re
flecting the well-stratified character of the rocks, 
whereas sills in the Entrada Sandstone and Jackpile 
sandstone are deflected by vagaries of stratification and 
commonly crosscut the units. 

An elongate diabase laccolith about 150 feet thick and 
1,000 feet wide is exposed about 11/z miles southwest of 
Mesita (fig. 1, GQ-210),-where its crest forms a north
trending ridge nearly 2,000 feet long. The base of the 
laccolith almost conformably overlies the Entrada Sand
stone and the lower part of the Todilto Formation, and 
its crest is oYerlttin by warped strata of the Summer
ville Formation. Large tabular inclusions of all three 
fonnations have been seen in the diabase. The lacco
lith thins eastward and westward to a prominent sill; 
to the west this sill is deflected upward into a dike that 
cuts sharply across the Summerville Formation and 
Bluff Sandstone. 

Inclusions in the sills and dikes are few and are 
locally derived. Most could be fit neatly into their origi
nal place at the bottom or top of a sill, and they ap
parently dropped or floated into the diabase magma 
after it had come to rest. In places limestone slabs have 
been peeled and bent along the contact of a. sill. 

PETitOGRAPJlY 

The bulk of the diabase probably has a. mineral com
position that is typical of diabase in many parts of the 
world, but. most specimens are too punky and altered 
to warrant detailed work. The least altered specimens 
contain about 60 percent plagioclase, 30 percent augite, 
a~d 10 percent magnetite and small amounts of apatite, 
zircon, and sphene. Such rocks are ophitic or subophit
ic, having anhedral augite filling the interstices between 
randomly oriented laths of plagioclase. The plagioclase 
is fresh and fonns euhedrallaths 1-2 mm long that are 
weakly zoned from calcic andesine probably to middle 
lab~adorite; some htths show a gridwork of combined 
albite, carlsbad, and peri cline twins. The augite, which 
embays the plagioclase and loeally fonn.<; rods that cut 
across several l:tths, is light. gmy to p·.tle brownish gray 
:md vcr·y weakly pleochroic where fresh, but much is 

partly altered to a reddish-brown or greenish-brown 
fine-grain<'d micaeeous material. Some of this material 
is'biotite that is strongly pleoehroic and has strong bire
fringence. but. some is probnbly ehlorite. Magnetite is 
abundant. as disseminated small odahedral rryst~ls and 
anhedral grains. Apatite fonns small rods and fibers. 
Olivine is conspicuousl.v nbsent, so that. the diabase con
trasts with olivine basalt flows. No alteration pmducts 
of olivine were seen. 

One or more layers of lighter colored more resistant 
mck are common in the thicker sills. The layers arc 
about 2 f('('t thick and grade intothemore typical, punky 
diabase. The lighter colored rock is similar in texture 
and mineralogy to the more typical diabase, except that 
the plagioclase laths are partly altered to a very fine 
grained material, probably epidote or zoisite, and most 
of the identifiable plagioclase is nearly pure albite to 
oligoclase, with a few relicts of andesine to labradorite. 
The laths show strong normal zoning, and albite. locally 
embays more calcic plagioclase along cleavage traces. 
Augite is similar in habit and appearance to that in the 
punky diabase, except that locally along cleavage traces 
it is replaced by tremolite. Biotite, in ragged to sub
hedral golden-brown to reddish-brown flakes and books, 
is probably an alteration product o~ augite and 
tremolite. 

Aplite sills about an inch thick and having the com
position of sodic diorite to quartz diorite form a small 
percentage of a thick diabase sill a short distance east 
of the Sandy mine. These sills have sharp contacts and 
follow nearly flat-lying longitudinal joints in the dia
base. None have been found extending into the country 
rock. The aplite is light gray, fine grained, and equi
granular and is composed of about 80-90 percent plagi
oclase feldspar; 0-15 percent quartz; 5-10 percent mag
netite, amphibole, biotite, microcline, and augite; and 
trace amounts of apatite, sphene, and zircon. Plagio
clase, which fonns blocky subhedral complexly twinned 
tabular crystals as much as 1 mm long, is altered but is 
identifiable as albite and possibly locally as oligoclase. 
Microcline occurs along albite boundaries and locally 
embays albite locally along cleavages. Quartz is anhe
dral and fills interstices between plagioclase laths. 
Amphibole, as anhedral to euhedral blades and needles, 
is mostly brown hornblende, but locally it is colorless 
tremolite( 1) or a blue amphibole variety. Dark-red
dish-brown to yellow-brown biotite fonns sparse 
euhedral to subhedral books and fine-grained aggre
gates; locally it has been replaced by albite along 
cleavages or has been altered from other dark silicates. 
Magnetite is octahedral and is commonly distributed in 
trains that form thin dark streaks on the rock surface. 
Apatite, the most abundant accessory mineral, forms 
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,.11 ho•dml rods and fibers. Splu~ne forms unhcdral 
''~'" 111-; in I ll(l interstices between feldspar crystals, and 
~ 1 r,·on forms small suhhedml crystals. 

.\ vnggy elliptical pe,gmatitic body about 2 feet thick 
, 11 .1 ;, ft•et wide is exposed ncar the top of a 75-foot-thick 

.t .. 1ba-.tl sill a short distance east of the Sandy mine. 
1" ··ontad:s are gradational. .Most of the body is an 
, \t n·nu·ly vuggy mass of albite plates as much as 1 em 
to 11 g. .Many of the vu~,rs contain feltlike masses and 
, tru:'l•s of thin tremolite needles as long as 1 em. Apatite 
inrrn'i abundant euhedral crystals as much as 1 em 
•1.·ro,-; and 2 em long in the vugs. Small octahedra of 
'"·'.!!netite are abundant in .some vugs. 

METAMORPHIC EFFECTS 

1 >iahase has metamorphosed the country rock at many 
pi:II'I'S and appears to ha,·e pyritizcd sandstone in wide 
.lt'l·a,;. I~xpectably, the effects are most pronoun~d 
'' hPre relatively thick sills cut the calcite-cemented 
Entrada Sandstone and the Todilto Formation, as in 
1 hll Yicinity of the Sandy mine. Where a sill about 75 
fi'Pt. thick cuts the Entrada Sandstone a short distance 
.. a~t of the Sandy mine, the sandstone is r~rystallized 
for more than 10 feet above and below the sill, and 
l>lt•aehed for at least 30 feet abo1·e the sill and an un
known distan~ below the sill. A short distance south 
of the Sandy mine, folded limestone that lies above a 
:.!11- foot-thick sill contains metamorphic garnet and 
biotite in a zone about 8 feet thick. Metamorphic min
t•rals have also been found to depths of at least 5 feet 
i>Piow thick sills. Thin dikes and sills in the Jadrpile 
mine and that Yicinity apparently produced only minor 
··ontact-metamorphic effects. 

Garnet, the most widespread and abundant meta
lllorphic mineral, is mostly andradite-grossularite 
I irlentified by spectrographic analysis and :X-ra.y pat
t<•ms). The garnet, which may be brown, amber, pale 
omng-e, pale green, or colorless, forms auhedral-dodeca
lir•dml crystals and granular aggregates in limestone 
anol mlcareous sandstone. ::.\fany garnet crystals are 
t.Oncd, with darker colors at. the core. 

Holdmanite, a vanadium-rich garnet, has been identi
lil'rl as a constituent of a metamorphosed nranium
,·anadium deposit in the Sandy mine (::.\Ioench, 1962a: 
.\lor•nch and l\Ieyrowitz, 19()4). There it. is present as 
minute clear dark-greenish-amber enhedral to anhedral 
!!rains embedded in interstitial nmadium clay in dnrk
!!l"ay nmadium-rich Entradtt Sandstone. It probably 
formed by a react.ion iiwolving calcite and yanadium 
day. 

Other metamorphic minl'l·als that arc associated with 
I lu• tliabasl', but not with the uranium-nmadinm de
po,.,itl5, are idocrase, diopsidc, plagioclase, wollastonite, 

and micaceous minerals. Idocrase occurs locally as 
poikilitic crystals as large as 1 em that include smaller 
garnet erystals and other materials. Diopside occurs as 
bloeky hut ragged eryslals, as radial ing rods, and as 
granular aggregates. Pl:tgioclase, commonly intimately 
intergrown with garnet, idocmse, and diopside, is 
neither twinned nor noticeably zoned and ranges in com
position from albite probably to labrador·ite; the most 
calcic plagioclase was found at sill contacts. W ol
lastonite occurs locally along dike or sill contacts; it is 
fibrous or bladed and forms white, radiating "sunbursts" 
on the contacts. Chlorite and small amounts of musco
vite and ragged fine-grained biotite occur adjacent to 
sills and dikes in the ,Jackpile mine. Fine-grained 
chlorite also occurs in Bluff Sandstone adjacent to a dike 
on the southwest side of Mesa Gigante. There it forms 
both minute olive flakes oriented normal to the surfa~ 
of sand grains, and aggregates in interstices. 

In prospect Pit III of the Sandy mine, small tabular 
masses of pyrrhotite occur along bedding planes of 
a gametiferous calc-silicate rock that was originally 
limestone: pyrrhotite is interstitial to garnet and other 
constituents and is partly replaced by hematite. A 
small metamorphosed urnnium-Yanadium deposit about 
200 feet north of Pit I also contains pyrrhotite, mostly 
altered to hematite, in a thin layer cut by veins of calcite 
and euhedral crystals of green garnet. The pyrrhotite 
probably formed from pyrite by loss of sulfur during 
metamorphism. 

The Bluff Sandstone, the Entrada Sandstone, and 
parts of the Summerville Formation, where adjacent to 
diabase, have been altered from red to light tan (fig. 7). 
The red colors, viewed in thin section, are caused by 
hematite dust on sand grains. Such hematite dust is 
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absent in altered sandstone which, where unwentlwred, 
contains discrete pyrite grains and 2-inch concrt>tions of 
pyrite. Detrital mag-netite has been altered to pyrite; 
~md ilmenite, to leucoxene. At the surfaee the pyrite 
weathers to limonite. 

MODE OF IN1'RUSION 

The diabase sills and dikes interconnect without cut
ting one another; emplaeement in a single episode is 
thus indieated. The eonspicuous sparseness of foreign 
inelusions in the dinbase sugg-ests tlutt it. was emplaeed 
slowly and passively. If the flow had been more rapid, 
a greater abundance of wallrock inclusions would be 
expected, and small inclusions would be expeeted a con
siderable distanee from their source. Instead, in
clusions are of the rocks exposed directly above or below 
a sill, and the place of origin of many ean be found. 

The presence of sills between the dikes and the fuet 
that the sills are locallv much thicker than the dikes 
suggest some sort of lifting action. If, for example, 
several dikes extended to the surface, when still fluid 
they would tend to lift the masses of sedimentarY strata 
bet~veen them, provided the specific gravity· of the 
magma was greater than that of the country roc.k. If 
the magma is assumed to have a specific gra>ity of 
nearly three, the intervening blocks of relatiYely less 
dense sedimentary strata would tend to float, and the 
magma. could flow passively along flat-lying fractures. 
The thickness of a sill would then increase~ the over
lying block was lifted higher. Although the sills are 
mostly conformable in detail, they are mostly confined 
to a thin subhorizontal zone that cuts across the gently 
tilted strata. This relation suggests that emplacement 
was somehow controlled by a nearly flat lying surface of 
roughly uniform overburden. 

MONCHIQU:rr.E 

The monchiquite dike exposed about 1 mile southwest 
of the Sandy mine is about lllz feet thick and 3500 
feet long; it strikes irregularly about N. 55° "\V. and 
dips about 75° N. It cuts n diabase sill and crosses a 
set of north-strikin,z high-angle normal faults. The 
bults do not displace the monchiquite dike and pre. 
sumably are older than the dike, but farther south they 
displace the diabase sill. These relations indicate that 
the monchiquite is younger than the diabase and sug
gest that perhaps considerable time separated the two 
intrusions. 

The monchiquite, a dense black vesicular rock, is about 
50 percent augite, 10-15 percent t)]ivine, 10 percent 
magnetite, and 25-ao percent interstitial analcime con
t;tining abundant microlites of augite, hornblende, and 
biotite. Some vesieles are filled with colorless 
analcime; others are lined with brown opal tmd filled 

with either analcime or calcite: and still others are 
filled with calcite alone. The augite is light gmy and 
forms rndiating- ngg-t-egates of subhedrnl }Jrisms as 
much ns half a millimeter long-. Olivine fot1ns blocky 
euhedral crystnls as much ns 1 mm across, and magne
tite forms minute disseminated euhedml octahedra. 
The interstitial analcime and that in the vesicles is 
colorless and isotropic to \n>aldy birefringent. The 
microlitic hornblende is strong-ly pleoc.hroic from color
less to moderate brown; microlitic biotite is pleochroic 
from colorless to dark reddish brown. 

ERUPTIVE ROCKS OF MOUNT TAYLOR 

As shown by Hunt (1938, pl. 7), rhyolite, trachyte, 
and latite are e.'l:posed on the floor and walls of the 
large amphitheater eroded into the l\Iount Taylor strati
fied volcano. These rocks are overlain by flows and 
some tuffs of porphyritic andesite, which form most of 
the outer flanks of the mountain. A large alluvial cone 
composed of boulders of volcanic materials mantles 
the e11st side of the Mount Taylor volcano and extends 
eastward into the Seboyeta quadrangle. These coarse 
alluvial gravels, however, may form only a thin veneer 
over a thick mass of air-dropped pyroclastic material. 
The aggregate thickness of alluvinl and pyroclastic( n 
deposits ma.y be as much as 500 feet in the northwest 
corner of the Seboyeta quadrangle. In addition, finer 
grained volcanic gravels and possibly some air-dropped 
tuffs are interstratified with the olivine basalt flows 
on Mesa Chivato. Because ::\Iesa Chivato slopes away 
from Mount Taylor, these alluvial materials un
dobtedly came from Mount Taylor. 

A single exposure about 95 feet thick of largely air
dropped tuff (pl. 2; fig. 1, GQ-207) is part of a tuff 
unit that overlies two flows (QTb, and QTbz). The up
per 25 feet of the unit is mostly stratified gravel com
posed of rounded pebbles, cobbles, and boulders of 
porphyritic rock, but it has a pumice-lapilli-tuff bed 
near the top. The lower 95 feet is very thick bedded 
punky tuff that contains randomly oriented books of 
biotite, tabular crystals of feldspar, small crystals of 
green pyroxene, tabular rock fragments, and small vol
canic bombs. Feldspar in the lower part of the tuff is 
sanidine; that in the upper part is largely sodic oligo
clase. The tuff has a crude polygonal jointing that 
may have formed by shrinkage during cooling. 

BASALT FLOWS 

Eleven stratigraphically distinct basaltic flows or 
groups of flows were mapped on Mesa Chivato; other 
flows were mapped on lower erosion surfaces; and two 
were mapped near the present drainage level (pl. 2). 

I 
The distribution and petrographic charaeter oft he flows 
and one plug are summarized in table 3. All the flows 
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havt• similar composition and contain plagioclase, 
aul!itl', olivine, and magnetite and (or) ilmenite as 
t ho•tr main constituents. The plagioclase ranges mostly 
f1olll ntlcic andesine to labradorite; sparse late albite 
1, prl"-;ent locally. For convenience, all the rocks are 
, :dh·d olivine basalt, even though the average composi
t 1on of the plagioclase may not be quite calcic enough 
(or this classification. 

:\[any of the flows can be correlated on the basis of 
HH'gascopic appearance, and the second (QTb2 ), fourth 
iQTb,), and ninth (QTbo) flows are stratigraphic 
markers which permit recognition of other flows that 
.1 n• interstratified with them and that are also dis
tinguished by minor petrographic differences. Still 
ol hers-such as the Se\·enth ( QTb,) flow on Mesa 
Chin1to, the basalt of the Cebol1eta Canyon plug (Qb1 ), 

1 he flow near Laguna ( Qb2 ), and the basaltic rocks in 
plugs on :Mesa Chivato and on younger surfaces-are 
distinctive in type but are not sufficiently widespread to 
he stratigraphic markers. 

VOLCANIC NECKS AND CONES 

:\fany small volcanic cones rise a few tens of feet to 
more than 200 feet from the surface of l\fesa Chivato, 
and many necks protrude above the lower country to the 
1•ast. and south. As noted by Dutton ( 1885, p. 167), 
most of these necks are erosional remnants of conduits 
that fed some of the basaltic flows on l\fesa. Chivato. 
Dutton (1885, p. 166-179) and Johnson (1907) de
..;eribed many necks a short distance north of the district, 
and Hunt (1938, p. 67-71) described many necks in the 
region, including a few in the Laguna. district. 

The volcanic cones on ::\Iesa Chh·ato were the source 
of some flows that are exposed nearby. l\fost of the 
c•ones rise less than 200 feet above the mesa and have 
heen considerably eroded. Craters have been removed, 
and massi\·e basalt is commonly exposed at the top. Fine 
ash and cinders have also been removed from the flanks, 
and generally only coarser, fragmental material re
mains. Evidence of reactivation can be seen in one cone, 
whose peak is just norih of the mapped area (fig. 1, 
GQ-207) ; here, basalt of the 2d flow is cut by thin dikes 
of basalt that resemble tha.t. of the 11th flow. One 
!'one, ~)etween Bear and Bibo Canyons (fig. 1, GQ-207), 
t•onhtms basalt of the fomih flow at the top and basalt 
n.f the second flow at the base, and is one s~urce of pos
stbly many for both rock types. 

Tho volcanic necks differ in size and structure, but 
most are alike in that t hev contain masses of brecci:t and 
agg-lomerate cut by dik~s or large pipelike masses of 
hasalt. 

The peak of Dough Mountain (fig. 1, GQ-354), 
formed of massive basalt similar to that of the second 
flow on Mesa Chivato, is a small plug that is elongated 
east-west and cuts vertically across poorly consolidated 
breccia. The breccia contains rounded fragments of 
scoriaceous and massive basalt, and angular to sub
rounded fragments of sandstone, mudstone, and diabase. 
Many irregular thin dikes that dip at low angles in 
various directions are exposed south of the peak. 

Seboyeta Peak (fig. 1, GQ-209) is composed largely 
of breccia that is cut by many basalt dikes. The basalt 
is similar to that of the second flow on Mesa Chivato 
except that it contains olivine clots as much as 1 inch 
long. The breccia contains scoriaceous basalt fragments 
of the same type, and large and small blocks of Cretace
ous sedimentary rocks, some of which are rimmed by 
scoriaceous basalt. Some dikes have been broken into 
large slabs, which indicate that late-stage slumping has 
taken place. 

Cerro de Jacobo (fig. 1, GQ-371) is a nearly cylin
drical mass of columnar-jointed basalt about 1,200 feet 
in diameter. The basalt is similar to that of the second 
flow on Mesa Chivato. The west side of the plug con
tains a mass of well-stratified basaltic tuff and agglom
erate composed of tuff, lapilli, bombs, and sedimentary 
rocks but no angular fragments of massive basalt. The 
tuff and agglomerate dips 30°-50° vV., away from the 
center of the neck and is cut on its west side by a dike 
of massive basalt . 

Cerro de Santa Rosa (fig. 1, GQ-371) is a cylindrical 
mass of basalt about 700 feet across. The basalt is like 
that of the second flow on Mesa Chivato except that it 
contains large clots of dunite. Columnar jointing is 
vertical near the top of the neck but diverges downward. 
A crescent-shaped mass of stratified scoriaceous tuff, 
lapilli, bombs, and a few dunite clots is exposed on the 
northeast. side; strata dip about 35° toward the neck. 
Breccia composed of finely broken Cretaceous sedimen
tary rock is exposed near the base of the stratified ma
terial. The boundary between the stratified pyroclasts 
a.nd breceiated country rock is gradational and is trun
c:tted by massive basa.lt. 

Picacho Peak (fig. 1, GQ-208) is at the center of a 
dike 1 mile long and as much as :300 feet thick that. strikes 
N. 30° E. and dips steeply west. The dike is composed 
entirely of basalt similar to that of the second flow on 
Mesa Chin1to. Columnar jointing is nearly veriical 
near the top oft he dike and divergt'ssharply downward; 
near the base it is about normal to the walls of the dike 
and to faint flow layers. 
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TABLE a.-Distribution and petrography of basalt flows and Seboyeta Canyon plug 

Plagioclase Augite Olivine Magnetite Other minerals 

Flows near the level or Rio San Jose and the Seboyeta Canyon plug 

-------------------------- -------------------------- ------------------------ ------------------------ ------------------------
ColOrless, interstitial, Andesine-labradorite in Palc-greemsh-gray Fine grained, anhe- Abundant ilmenite(?) 

random laths 0.2-Q,4 mostly fmo grained: equant small sub .. dral, interstitial; plates that cut 
mm longj space be- locally as grains 1 mm hedral crystals. apparently subordi- across other min-
tween laths incom- across that poikilltic· nate to ilmenite{?). erals. 
pietely flJled With ally include plaglo-
other mmero.ls. clase laths. 

Labradorite in small Light gray, fine grained, E::~~l~~~~r:b:~ Small euhedral erys- Analcime interstitial, 
random to subparallel interstitial; also as tals and blocky cor- and crtstobalite In 
laths and sparse cor· blocky corroded blocky corroded roded phenocrysts 6 amygdules; inclu-
roded phenocrysts 2 phenocrysts 5 mm phenocrysts 2 nun mm across. sions or quartz sand 
mm ncross. across. across. ~ains, amphibolite 

('f), and denso 
igneous rocks. 

Flows on Wheat Mountain pediment 

Andesine-labradorite in Purplish brown, fine Equant fine grained Small euhedral crys- llmenite(?) plates_: ___ 
random laths 0.3-1.0 grained, interstitial. subhedral to euhe- tals and sparse 
mm long; large crys- dral crystals. phenocrysts about 3 
tals locally contain mm across. 
venmcular albtte-
au~itc intergrowths; 
spar~ interstitial 
nlblt<'. 

Andesmc·ln.bradorite in Purplish brown, fine Equant ouhodral Small euhedral crys- ·-·---·--·--------------random laths 0.1-o.a grained. interstitial; crystals about 0.1 tals. 
mm long nnd sparse locally lorms blades mmacross. 
blocky corroded un- parallel to plagio-
zon{'d phenocrysts 4 clase laths. 

hir~r~t[~~: ~t~i~ 

Flows on Mesa Chivato pediment 

Andesme-bbra.donte Colorless, fine grained, Equant cuhedro.l Small euhodral Corroded quartz 
tn subparn11cllnths interstitial. crystals 0.1-o.2 mm crystals. fragments rimmed 
0.2 mm long; sparse across. w1th fine-grained 

·lntcrstttinl albite. augite. 
Ande.sme-lnbradorite in Colorless, fme grained, Equant euhedral _____ do _________________ Corraded quartz sand 

subpBmllcllaths Interstitial: lOcally crystals mostly grains; ilmenite(?) 
0.1-o.a mm long; forms rods between 0.1-o.2 mm across, as thin lenses as 

~~ \:t"i:J~:re. In 
plagioclase laths. locally I mm across. muchaslOmm 

long parallel to 
~Y:':O~;~ corroded plagioclase laths. 

I Alteration products I Distinctive features 

------------------------
------------------------ Much pore space be--

tween plagioclase 
laths; ohvme darker 
than in other basalts 
llmemte(?J more 
abundant than 
magnetite. 

------------------------ Au~i!~oac~~s~~~~ 
£alite in amygdulPs; 
analcime in ground-
mass Rock forms 
thin dike'l and sills 
tn plug. 

------------------------ Rock is gray and 
slightly coarser 
gamed than under-
ymg flow and con~ 

tains sparse magne-
Ute phenocrysts. 

Iddingsite alter oil- Rock of flow Is gray 
vine in tJow: idding- and dense and has 
site, hematite, and sparse plagioclase 

~f::-g~= ~~. phenocrysts. Rock 
of sill Js finely vesie-
ular, flow banding is 
ronspicuous near 
base. 

-----------·------------ Rock is medium gray 
and dense; locally 
has conspicuous 
How banding. 

~----------------------- Sparse rounded pia-
gioclase phenocrysts 
and ilmenite(?) 
lenses; taint now 
banding. 
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>Oyeta (OQ--207); center, QTbt Andesine-labradorite L~! ~?::e':fhedral, Abundant equant 
_____ do _________________ Spano Umenlte(T) ------------------------ Ol!'flne partleularl:v 

1ortb, northeast. fn subparallel laths eubedral to sub- pletes. to~'::.~;h~';::!l:V of uniform size in hedral crystals 0.2-
single specimens, but 1 mm across; pheno- crysts :i mm across: 
range from 0.1 mm to erysts 6 mm across tlow banding locall:V 
0.2 mm long from in some specimens. conspicuous. 
place to place. 

Pur pUsh gray, anhedral Equant subhedrnl Smalleubedral crys- Dmcn!te(?) plates; Conspicuous tn1chyt .. I>Oyeta (OQ-207); center, QTbt Andesine-labradorite 1n ------------------------
ou tb; and Moqu!no ( OQ-- subparallel laths 0.3- Interstitial grains; crystals, and plates tals; forms clots. oorroded grain fn tc texture; deoeply 
09): northwest. 1.0 rom long; sparse darker than In other paraJlel to plagio· clots ol olivine colored augtte, cor-

phenocrysts 2-3 mm flows. claso laths. crystals. roded hypersthene. 
across with opaque and sparse phen(}o. 
inclusions in elliP· crysts of plagioclase. 
smdal zones. 

qu!no (OQ-200); north- QTb, Labradorite in sub· Light-gray Interstitial Equant subhedral Smalleuhedral crys- Hornblende as tan- 0~~~~~~~ Sparso hornblende 
•est. J>arallcllaths 0.1...().4 grains and sparse crystals as much as tals. brown corroded phenocrysts as much 

mm long. euhedral blocky 0.2 mm across. prismatic pheno- material alter as 10 mm long. 
crystals 0.2 mm crysts as much as hornblende. 

se: 

8 

M' 

across. 10 mm long, 1 mm 
across. 

~ g 
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10yeta (OQ-207); wide- QTbo Andesine-labradorite Li:~~e~r~i.~~~e~s~ft&t; Small equant grains ••• 
__ ... do _________________ 

Ilmenite(?) plates ..... lddlngslte alter Trachyhc texture of 
pread; and Moqu!no in subparallel laths ol!v!ne. subparallel plagi()o 
OQ-200); northwest. 0.2-1.5 mm long. locally polkUitlcally clase laths con-

includes plagioclase spicuons in hand 
laths. S~lUH~US. 

>Oyeta (OQ-207); center, QTbo Andeslne-latJradorito in Brownish gray, anhed- ____ .do _______ ---------- _____ do ...... _---------- _____ do ________ --------- ..... do ..... ------------ ?.lost baud s.~dtmens 
·est, south. laths 0.1-0.4 rom long ral, interstitial; con tam 2 or 3 

and very sparse locally polkibt!cally rounded plaglocl..., 
rounded phenocrysts; includes plagioclase phenocrysts. 
~f~~~e. Interstitial laths. 

>Oyeta (OQ-207); wide- QTb• And%1ne-labmdorite in Pale gray ,lntcrbtltial; Equant ouhedral to Small euhedral to Ilmenite plates 
__ •.. do _________________ Porphyritic, locally 

pread; and Laguna (OQ- zoned phenocrysts some blocky grains subhedral crystals subhedral cr:vstals. locally abundanti protoclastlc; plagto. 
l8); northeast.• 5-10 mm across 1 mm across poikiUti- as much as 2 mm sparse apatite rods. clase phenocr:vsts 

and laths 0 1-1 mm cally include plaglo- across. form 5-30 percent or 
Jon~, SPflNl albite 8• cla'io lnth!'l. rock nnd nre most 
long •~ruin l,ountlurles. ohtll\ilt\nt tu.'tlr top 

of flo\\~. 

Be 

8e 

8e 

10yeta (OQ-207); center ... QTbo Andcslne-1J.1Jrador1te In Brownish-gray anhedral Small equant grains.-. Smalleuhedral cr:vs- ------··---------------- ____ .do .... ___ ._--- _____ Rock is dark gray and 
small randomly ori- grains; locally poi- tats. dense. 
en ted laths; sparse kil!t!cally Include 
albite along grain plagiocl~e laths. 
boun(1aries. 

8e 

><>ret• (OQ-207); wide- QTb, Andesme-Iabradorite in Light brownish gray, Equant subhedral s~~r"ir~!F.:.~' ------------------·----· Idd!ngslte alter oU- Rock Is dark gray and 
pread. subparallel to ran- fmc grained, anhedral, grains 0.1-0.2 mm vine; hydrous lron dense and has round 

dam laths less than mterstlt!al. across. partl:v altered In 2- olldes and leuoox- l!gbt-gray to grayl.•h 
0.2 mm long; sparse 5 mm across spots. ene alter magnetite. :~~~~s ~h~t a~ass em hayed phe-nocrysts 
1 mrn across but rusy 00 5 rum 

8e 

across 1n thick flows. 
I>Oyeta (OQ-207); west.. ... QTb1 Audes!ne-labradorite In Light purplish gray Equant subhedral Small equant sub-

__________ .. _____________ 
B:::s~~~a:i:tca- Faint gradational horl-

subparallel laths 0.2- randomly oriented grains less than I bedral to enhedral zontallayer!ng and 
0.3 mm long; normal crystals; poikU!t!call:y mmacross. cr:vstals. alter olivine. greenish hue In 
zonmg; sparse albite Include plagioclase outcrops. 
along interstices. laths. 

8e 

• Rock not studied. Photomicrograph by Nichols (1936,1lg. 6) shows plagioclase latbs, equant olivine, and megnet!te(?) grains In a matrix composed olanglte and a small amount olglass(?). 

~ r 
t 
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Tho Seboy<>la Canyon plug- (fig-. 1, GQ-:!07) is a cone· 
shaped body about 500 feet. across composed of inter
layered lweccia and seoria cut. by thin dikes and sillR of 
basalt (fig. 8). On its west. side it stands about()() feet 
above the allm·ium of Sehoyl•t:t Canyon; on its east side 
it is partly buried by colluvium from the hig-her ground 
to the east. The breccia and scoria form concentric 
layers 5-15 feet thick that dip mainly inward at moder
ate ang-les to a common center, except on the southwest 
side (fig. 8), and are cut by thin lenticular sills and two 
small dikes of olivine basalt (table 3). The breccia is 
composed of angular blocks of Gallup Sandstone (which 
is in place to the east a few feet abo\·e the plug) as much 
as 5 feet across, embedded in a friable matrix of more 
finely broken sedimentary rocks and some scoriaceous 
basalt. The scoria forms unbroken sill-like bodies that 
grade to broken scoria with scoria cement, which locally 
contains much comminuted saud. 

Tho Seboyl'tlt Cnnyon plug probably formed by one 
or more Yioll•nt entptions. First, a thin veneer of sedi
ment:ll"V cm·er was blast<'d and brecciated; this action 
resulted in the formation of 1t crater and th~ ejection of 
sc01·iaceous materials. These materials fell back into 
the crater and formed the inward-dipping layered de
posits. Tho foldlike features may ha\·c formed when 
these materials draped m·er irregularities in th~ crater. 
Later, olivino basalt wl.'l!ed passively up along cracks 
and eontaets. All the plugs in the district. :tpparently 
formed in the same. manner-by a sequenc~ of violent to 
quiet events. As :t column of gas-charged magma ap
proached the surface, the contained gases exerted con
siderable pressure in the upper part of the column; and 
when this pressure exceeded the strength of the over
burden, an explosive eruption occurred. '\Vith the sud
den loss of <'on fining pressure, gases came out of solution 
to some depth in the column and forced out large 
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FIGURE 8.-Sketch map ot Seboyeta Canyon plug, 1 mile north or Seboyeta village. 
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amounts of scoriaceous magma. This proc,ess continued 
until the gases were largely released. Later, magma 
containing l~ss gas quietly welled upward by some other 
proeess, perhaps by settling of the crust into the magma 
"hamber. 

The process by which magma rises through the crust 
was discus;;ed by l\IcBirney (1!J5D), who postulated that 
t lwrmal stresses in roof rocks and wall rocks tend to de
tach blocks, and that heat loss to the wallrocks sets up 
conveetion currents that earrv the smaller blocks down
wnrd. The magma can then. rise in a column by a con
n~ction-stoping mechanism. .:\IcBirney suggested ( 1959, 
p. HU) that the rising magma would tend to produce a 
··ylindrical conduit, because a circular boundary is the 
most efficient surface of conduction. Picacho peak is a 
thick dike and is not consistent with this view, but at 
depth it could be a cylindrical pipe that passes upward 
into a dike along a preexisting fracture. 

SURFICIAL DEPOSITS 

Throughout the district local surficial deposits of 
many types obscure parts of the bedrock geology. All 
these surficial deposits are the result of Quaternary and 
Hecent erosion and may be considered as material in 
transit to the Rio Grande drainage. Thre~ general 
classes of surficial deposits were mapped in the Laguna 
district: (1) gravels that cover small pediment 
remnants, ( 2) colluvial deposits on and near the sides 
of mesas, and ( 3) mixed or undifferentiated eolian and 
alluvial deposits in valley bottoms, on benches, and on 
mesa tops. 

TERRACE GRAVELS 

M:any small remnants of old pediments are preserved 
abo,-e the present valley floors around the base of .Mesa 
C'hivato and locally on the side of the mesa. These 
t·enmants are recently dissected flat surfaces that are 
generally elongate parallel to the present drainage. The 
~urfaces are about 40-200 feet abO\-e the nearby drain
age level and slope southward to eastward away from 
~lesa Chintto at grades of 3-5 percent. They are cov
Pt·ed by a thin veneer of grawl composed of waterworn 
pebbles, cobbles, and boulders of igneous rocks. South 
of Mesa Chivato, and west. of its southern extension, 
the gravel is largely porphyritic igneous rock of in
termediate or acidic composition but includes some 
h:l-'1:\lt.. East of Mesa Chintto tho gmvel is largely 
hasalt from that mesa. 

COLLUVIAL DEPOSITS 

Colluvial deposits cover much of tho bedrock on the 
sidt>s of the mesas, and remnants of colhn·ial deposits 
lo<:ally extend well into tho miley bottoms. Colluvial 

deposits in the area are of two types: scree and torevn 
blocks. 

Scree mantles the sides of mesas throughout the area. 
It is composed of creep dehris and of bdus that forms 
when the resistant. clifl'.forming sandstone or basalt is 
undercut and falls to the slopes below. 

A toreva block is a larb.-e peripheral segment of a 
mesa that has slid as a unit and has tilted toward the 
mesa. Reiche (1937, p. 54()), who described this land
slide type and named it aft~r its type locality near 
Toreva, ~\riz., noted the many blocks on the sides of 
mesas near Laguna, N. Mex. Toreva blocks in the 
Laguna district have formed where resistant sandstone 
beds overlie thick units of shale-for example, the sand
stone units of tho Mesaverde Group over the Mancos 
Shale or the Dakota Sandstone over the Morrison For
mation. The largest is half a mile long, parallel to the 
side of a mesa, and several hundred feet wide. The 
smallest may be only a few tens of feet long. The most 
obvious blocks, which show the greatest continuity of re
sistant layers, are closest to the parent ledge. Succes
sively lower toreva blocks are more disjointed and I~ 
their identity; those at the foot of a mesa are a disinte
grated, jumbled mass of colluvium that merges with the 
alluvial and eolian valley fill. Blocks on the side of a 
mesa are generally partly buried by alluvial and eolian 
material, which forms a fairly smooth floor on the back 
of the block. 

Reiche (1937, p. 547-548) suggested that toreva blocks 
near the type locality probably formed largely in late 
Pleist{)cene time, and certainly no less than a thousand 
years ago. He postulated that they formed during the 
climatically moist period that characterized the Pleisto
cene Epoch. The partial burial of the large blocks 
suggests that their actidty has been arrested, or at least 
slowed. 

ALLUVIAL AND EOLIAN DEPOSITS 

'Vo made no attempt to distinguish between eoli:tn 
and alhn-ial deposits for mapping purposes because such 
deposits are mixed in most areas and luwe gradational 
boundaries. Allm-ium predominates near streams and 
stream beds, 'vlwreas locally derh·ed alluvium and eolian 
deposits arP mixed near the margins of valleys and ou 
benches and mesa tops. In m:my places arroyos cut 
alhn·inl material to depths of ns much as :10 feet and 
expose thinly be~lded silt. aud s:md. Such deposits 
prooably rl'sulted from sheet wash. ~\bout a. mile south
east of Lagun:t, sand dunes cover nn area. of about 2 
square miles. Tho cast, or lee, side of the area is marked 
by It north-trending bedmek ridge, and directly cast of 
this rid!,."' the stmd has drifted to It thickness of per
haps more t.lmn 100 ft'et, pi'Obably largely as It result 
of overgra.zing on nearby land. On the south end of 
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Mesa Gigante, gypsum dunes which han~ drifted against 
cliffs of Bluff S:tndston(l :md the SummN'I'illt' Fomm
tion are p:trt ly dissected and may ham formNl during 
a period when the elimate was drier than at present. 

STRUCTURAL GEOLOGY 

The stmtified rocks in most, of the Laguna district. 
dip gently notihward to westw:u·d into the San Juan 
Basin. Those in the eastern part of the district ttt-e 
deformed by broad folds of low relief and hv the north
trending- S:~n Ignacio faulted monocline, ,;hi<'h forms 
the west boundary of the Rio Grande depression. The 
southern part of the district lies in the Acoma sag of 
Kelley (1V55, p. 23, fig. 5), a broad synclinal area he
tween the Lucero uplift, a few miles southeast of the 
district, and the Zuni uplift, farther west. The district 
is near the east end of the Chaco slope of Kelley, which 
is the southern slope of the San Juan Basin. The 
Nacimiento uplift is about 30 miles northeast of the 
northern part of the district. 

Although deformation of strata in the Laguna dis
trict was minor, three general pe.riods of deformation 
arc recognized. The earliest preceded the deposition 
of the Dakota Sandstone. Though it may haYe con
tinued into Cretaceous time, it is c.'l-lled the Jurassic 
deformation because it is known to h:we partly accom
panied .Jurassic sedimentation. For convenience, struc
tural features related to tllis deformation are called 
.Jurassic structural features. The other two deforma
tions followed Cretaceous sedimentation; the first in 
early Tertiary time and the second in late Tertiary to 
Quaternary time. They are called the early and late 
Cenozoic deformations, respectively. For conyenience, 
structural features related to both Cenozoic deforma
tions are called, collectively, Cenozoic structural feat
ures, or individually, early Cenozoic 'lUld late Cenozoic 
structural features. 

JURASSIC STRUCTURAL FEATURES 

.Jurassic structural features are a regional northward 
homoclinal dip on the north flank of the ·~Iogollon 
Highland, two sets of broad low-amplitude folds, hun
dreds of sandstone pipes, intraformational faults, and 
various intraformational features that characterize 
parts of the Todilto Formation (pl. 3). The regional 
homoclinal dip was lt major controlling feature of 
.Jurassic sedimentation, and the largest east- to north
C<'lSt-trending folds (the more important of the two 
sets) influenced sedimentation at least through Mor
rison time. 

REGIONAL HOMOCLINE 

The Dakota Sandstone lies with angular uncon
formity on the J urussic rocks of the area, and south ward 

it rests on successively older stratn. These relations 
represent. a simple erosional planation of successively 
older north-dipping .Jurassic rocks prior to deposition 
of the Dakota, Sandstone. Southward sedimentary 
changes in the .Jurassic rocks indicate that a positive 
area (the Mogollon Highland of Harshbarger and 
others, 1957) existed in central and southern New 
Mexico during ,Jurassic time. The boundary between 
this highland and the basin of .Jurassic deposition 
trended west to northwest a<'ross central New Mexico 
probably just a few tens of miles south of the Laguna 
district, and its effects on sedimentation can be seen in 
the southward coarsening of the Entrada Sandstone, the 
pinching of the Todilto Formation, and the coarsening 
and thinning of the Summerville Formation (Silver, 
1948; terminology different from that used this report). 
Because both the Bluff and :Morrison Formations were 
truncated southward by erosion, the effect of Jurassic 
tilting on the deposition of these units is not fully 
understood. 

FOLDS 

Many folds deform the Jurassic strata of the regional 
homocline and, to a lesser degree, overlying Dakota 
Sandstone. The Seama Mesa anticline, whose crestline 
is immediately south of Seama Mesa and Casa Blanca 
Mesa (pl. 3), ·is expressed by a pronounced thinning of 
the Morrison Formation hen~ath the Dakota Sandstone 
and conesponding arching of the underlying Bluff and 
SummeiTille Formations (pl. 3, section B-B'). 
Similarly, north-trending folds in Oak Canyon and on 
the south side of Mesa Gigante (pl. 3, section A-A'; fig. 
1, GQ-210, 212) :tre expressed by gentle folding and cor
responding thinning and thickening of Jurassic strata 
below the Dakota Sandstone. 

Some folds shown on plate 3, such as the Bell Rock 
anticline and other folds that pass under the central part 
of the Mesa Gigante, were not identified in the field but 
are inferred because of marked changes in thickness of 
Jurassic strata. Such thickness changes are too great 
to be attributable to channeling or intertonguing or to 
relief on the pre-Dakota erosion surface. 

Other folds, such as those near the Sandy mine (pl. 3; 
fig. 1, GQ-354), warp Jurassic strata long distances 
from exposures of Dakota Sandstone. Such folds are 
infened to he of Jurassic age because they are parallel 
to and have the characteristics of other folds of known 
Jurassic age. 

EAST- TO NORTHEAST-TRENDING FOLDS 

Many folds of this set were mapped in the area south 
of Laguna, where they trend generally east; and som('; 
were identified in the Mesa Gigante area, where they 
tJ·eml northeast (pl. 3). Owing to ]aek of adl'f(Uate 
exposure, the folds could not be traced between these 
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r "" a n"<IS; but they are probably parts of the same gen
··r.d ..,..,,which apparently swings from a generally east 
'" a uortheast trend. The maximum dimensions of 
f,,J.J~ of this set are not known, but a broad synclinal 
,, ·' rp probably conforms to the easterly to northeasterly 
,•Jnngation of tho Jaekpile sandstone (pl. 3). Such a 
r .. ld would have sufficient amplitude and breadth to 
J,.·alize the streams that deposited the Jackpile sedi-
11wnt-; (p. 22) and probably is more than 13 miles wide 
.tnt! :<e,·eral hundred feet deep. 

Tim :-ieama Mesa and Bell Rock anticlines possibly 
l•'!'n':;ent the same structural feature in two separate 
.n·a' (pl. 3, sections B-B', 0-0'). North of the crest
ill!('' the Morrison Formation thickens from generally 
J, ... ,; than 200 feet to locally more than 600 feet in the 
· .. ntt•r of the postulated syncline that contains the Jack
l'dt• sandstone. South of the crestlines the ,Jurassic 
n•·ks are warped by many east- to northeast-trending 
fol<l~. Here the Morrison Formation ranges in thick
liPS.~ from less than 50 feet at places along the crestlines 
to as much as 275 feet along the troughlines. The Alamo 
:-'pring syncline and the anticline immediately to the 
north (exposed southwest of South Butte, pl. 3) are an 
•. ,, ... ptionally large anticline-syncline pair whose struc
r ural relief is about 220 feet in a distance of 0.7 mile. A 
.hort distance west of the mapped area the syncline 
pa.-ises under a small mesa capped with Dakota, and there 
" ll•ns of .Morrison as much as 50 feet. thick is exposed di
I"Pt't ly beneath the Dakota Sandstone. The lens of Mor
rison is not present, however, in two small mesas short 
.\istances to the north and south. 

The angularity between the beds of the Dakota Sand
'tone and the underlying formations of Jurassic age 
indicates that folding took place partly during the 
intf'ITal between Jurassic and Cretaceous sedimenta-
1 ion. That folding was also taking place while the 
.fnrassic sediments accumulated is indicated by strati
::raphic relations within the ::\forrison Formation (see 
P· 22), by thickening of Todilto limestone within the 
-._rnd ine (described later), and by the loc-alization of 
lx•lts of sandstone pipes along the folds (pl. 3). 

Tlw east- to northeast-trending set of ,Jurassic folds 
:tppears to be a loca.l manifestation of a major strudural 
trPnd in northwest New Mexico. Rec:mse these folds 
·''" snhparallel to the ,Jurassic l\fogollon Highland, to 
I h<" south, they may have formed as a result of dilfl'ren
t tal movements between the sinking basin of sediml'nta
t inn to the north and the rising landmass to the south. 
\\"hl'ther this movement. wns eompressi,-e folding or 
1·Prt ira! adjustments of large blocks cannot be deter
tnilll'd f!'om evidence obtained in the Lagun:t district. 
Thf're is no known evidence to indicate that any move-
1111'111 Clt'l'lll-red before ,Jurassic time. 

KO:aTB-TJtEliiDING FOLDS 

North-trending .Jurassic folds are relatively small but 
pronounced and are particularly well exposed in the 
south end of Mesa Gigante, an<l in the vicinity of Oak 
Canyon (pl. 3). Some ofthe folds are narrow synclines 
bounded by monoclines; others are more regularly 
spaced anticlines and synclines. They are oriented 
about normal to folds of the east- to northeast-trending 
set and change trend sympathetically from due north, 
south of Laguna, to about N. 25° ,V., in the Mesa 
Gigante area. 

North-trending folds in the south end of Mesa Gigante 
are grouped into four synclines (pl. 3), the first three of 
which are shown on section A-A' (pl. 3). Syncline 1 is 
about 2,500-3,000 feet broad and, as judged from the 
thickening of Jurassic rocks, drops as much a.<> 80 feet 
from its borders to its axis. Some of t!te relief in syn
cline 1 has been removed by a low-amplitude Cenozoic 
anticline that is directly superimposed on the .Jurassic 
downwarp. The relief on the Bluff-Morrison contact is 
about 60 feet on the west side of the syncline and about 
40 feet on the eastside (pl. 3, section A-A'). 

Syncline 2 is covered by the upper part of the Bluff 
Sandstone and by the Dakota Sandstone; the lower 
part of the Bluff thickens markedly in the syncline (pl. 
3, section A-A'). The central part. of the syncline is 
grabenlike and has numerous high-angle faults, too 
sma.ll to show in the section, stepped downward toward 
its eenter. These faults locally contain sandstone dikes 
and apparently formed while the sediments were largely 
unconsolidated; the top of many faults is truncated 
and overlain by less deformed Bluff strata. Thus, syn
cline 2 formed during early Bluff sedimentation. In
adequate exposure prevents detern1ination of whether 
the syncline forn1ed by removal of underlying Todilto 
gypsum, by defonnation of the whole underlying sec-
tion, or by a combination of both processes. . 

Syncline 3 is complicated by minor flexures on Its 
west flank and by a low-amplitude anticline 'a short 
distance farther west (pl. 3, section A-A'). As deter
mined from variations in thickness of the Morrison 
Formation, the syncline is about 2,500 feet broad and 
has a maximum relief of about 80 feet. Relief on the 
Todilto limestone a shmt distance to the south is con
siderably less, and the greater structural relief of the 
higher straht nmy be attributed to thi1ming of Todilto 
gypsum in the syncline. 

The nort.h-trending folds in the Oak Canyon area 
(pl. 3) are simple anticlinl's and synclines. Isopach 
data for the Jackpile sandstone (pl. 3) indicate a maxi
mum relil'f of about 85 feet in a horizontal <list:mce of 
slightly less than2,000 feet. 

The origin of the nmth-trending folds is enigmatic. 

II 

II 

II 

j I 

II 
; I 
il 

I 



38 GE'OLOGY AND URANIUM DEPOSrrs OF THE LAGUNA DISTR1CT, NEW MEXICO 

Tho fact. that the tt-cnds of tho folds vary ,;~·mpnt.heti
c:tlly about at. right. :tngles to the trends of the e.ast
t.•·ending folds suggests that. the two sets are somehow 
related. Stmtigraphic evidence likewise indicates that 
they formed within the »'<tme in'terval of 'time. 
Although the north-trending folds shown on plate 3 
appear to oo concentra:ted in the centra.! and south
eastern parts of the district, there is no conclusive evi
dence that they do not occur over much wider areas, and 
certninly the areas of north- and east-trending folds 
are not mutually exclusive. Conceivably the two sets 
of folds may be analogous to metamorphic. terranes 
where small folds at. right angles to the major folds are 
commonly related to the same deformation svstem 
(Cloos, 1946, p. 26-29). On the other hand, the ;trati
graphic record reveals that major north-trending arches 
and troughs as old as PemlSylvanian are present 
throughout northwest New )fexico (Read and "rood, 
1947; 'Yood and Northrop, 1946; McKee and ot.hers, 
1956, pl. 3). Conceivably the north-trending folds 
fm1ned by the reaetiva'tion of these earlier struc.tural 
features and, so, are unrelated to the fonnation of the 
east- to northeast-trending folds, which have no known 
antecedents. 

INTRAFORMATIONAL STRUCTURAL FEATURES IN THE 
TODILTO FORMATION 

The Todilto Formation is characterized internally by 
innumerable small but intrieate folds, thrust faults, 
joints of various types, and breceia zones. The folds 
range from minute crenulations, which appear as fine 
lineations on bedding planes, to structural features that 
deform an interval of limestone 10-20 feet thick. Some 
of the largest features deform the underlying Entrada 
Sandstone; the contact zone between the Todilto and 
overlying Summerville Formation is commonly in
tensely deformed. Because all the structural features 
are best developed in the limestone, they are called intra
form·ational. Their origin depended largely upon the 
physical behavior of poorly COilSolidated semiplastic 
limestone during or shortly after sedimentation. 

Folded limestone typically overlies a few feet of 
nearly undeformed limestone, which in turn rests on 
the Entrada Sandstone. A typirnllarge fold is shown 
in figure 9. Note the general lack of deformation in the 
lower part of the lime&"tone. The structural relief of 
some folds diminishes gradually downward into uncle
formed limestone; in such folds slippage took place 
along many bedding planes, and the amount of slippage 
increased upward. Many folds bottom abruptly on 
undeformed or only wc:tkly deformed strata; in such 
folds ~lip page took place mainly :tlong a single bedding 
plane imd formed a miniwture decollement. Slicken
side striae, oriented normal to fold axes, are common 

on be~lding planes and fault surfaces and may oo found 
on lw<lding planes of seemingly unddo1111etl limestone. 

Cakit{l apparently has bel'n redistributed in various 
parts of folds. In some folds, radia 1 joints that. inter
sect. on an approximately common line about parallel 
to t.hl' axis are healed by coarsely crystallized c.'l.lcite. 
ln other folds fine-gmined massive limestone !ills ''pres
sure shadows," particularly along the axis of the fold. 

The upper, massive limestone zone in the Todilto com
monly is brecciated and mixed with sand from the over
lying SmnmetTille Fonnation. Mixed rocks of this 
t.ype, as nmeh as se,·er:ll feet thick, appear to be localiz('d 
near large ·intraformational folds in the underlying 
bedded limestone. Fragments have sh:1rp but. raggNl 
edges, range from :t small fraction of an ineh to 1 or 2 
feet in diameter, and are firmly cemented by unde
fonned sandstone or calcite. Both fragments and 
cementing materials in the breccias appear to be com
posed of loeally deriwd Todilto and Summerville ma
terials. )lost commonly, ragged limestone fragments 
are embedded in massive sandstone, but sandstone frag
ments are locally embedded in limestone. Keither sub
stance appears to ha,-e been completely solid when the 
breecia fonned. The limestone apparently was erenu
lated and partly consolidated prior to brecciation, but it 
was sufficiently plastic in places to incorporate some 
sand. Sand, which apparently flowed freely between 

~'IGURE 0.-l!\>ld in limestone of the Todllto Formation. 
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limestone fragments, was largely unconsolidated during 
deformation. 

Small folds are locally confined to units 3 or 4 inches 
thick in the stratified zone of the limestone, and they 
:tre common where the limestone is otherwise unde
fmmed. Concentrically folded laminated limestone is 
hounded above and below by undeformed laminated 
limestone, and coarse calcite fills the "pressure shadows" 
111 the crests and troughs. 

The axes of most folds are extremely sinuous, and 
some diverge as much as 90° from their dominant direc
t ion, or even double back' on themselves. Some folds 
bifurcate at a low angle, and at places as many as four 
folds radiate from a common center-plunge a way from 
a single high point. 

Though extremely sinuous, the intraformational folds 
1 rend chiefly in two directions-east to northeast and 
slightly west of north-parallel to the two sets of major 
.Turassic folds. The bearings of all folds measured in 
the area are represented in compass diagrams on plate 3. 
In the areas southwl'St of Mesita (pl. 3), most Jurassic 
folds trend east, and the strongest maximums in the 
diagrams parallel that direction; lesser maximums 
trend north-northwest. In contrast, the largl'St maxi
mum in the diagram for folds east of Mesita (pl. 3) is 
parallel to that for the north-northwest-trending Juras
sic folds that are well exposed in the area. A small 
maximum is oriented east-northeast. Because of the 
extreme sinuosity of many folds these relations are 
striking. The sinuosity of the fold axes contributes to 
the broad spread of the maximums, but the presence of 
the maximums and their relation to the larger folds are 
unmistakable. 

Limestone thickens markedly in the east-trending 
.Turassic synclines, mainly because of intraformational 
folding. For example, in an east-trending Jurassic fold 
with more than 100 feet of relief exposed in the Sandy 
mine are.'t (fig. 1, GQ-354), the limestone is about 15 
feet thick near the fold crest but 30 feet thick in the 
syncline to the south. The limestone is more than 25 
feet thick near the troughline of the Alamo Creek syn
c>line and 10-16 feet thick in the anticline immediately 
to the north (pl. 3). At. both localities the total meas
ured thickness of limestone ineludes the folded strati
fied and massive zones. The stratified zone alone is 
~enerally about. half again as thick in the synclines as in 
the anticlines, hu·gely because the intrltformational 
folds luwe greater amplitudes in the synclines. The 
massive limestone, including mixed brecci:t :md much 
<·ontorted material, is distinctly more abundant in the 
'Ynclines. 

The lar6TC-scale warping that took place during 
.Tul'llssic sedimentntion appears to have induced slump-

ing and sliding of semiconsolidated limestone into the 
synclines. The apparent lack of intraformational un
conformities in the limestone and the fact that the 
upper part of the Todilto commonly contains inter
mixed material from the lower part of the Summerville 
indicate that deformation took place under a cover of 
Summerville sediments. On the other hand, the evi
dently plastic,- semiconsolidated character of the lime
stone during deformation suggests that the cover was 
not thick. Under a probably thin cover, then, plastic 
limestone apparently slid down the limbs of synclines 
and piled up near the trough. This sliding took place 
along well-lubricated bedding planes above the base of 
the unit; it produced sinuous compressional folds whose 
axes roughly parallel those of the larger warps, thrust 
faults where limestone slipped across several strata, and 
intraformational mixing along the Todilto-Summer
ville contact. 

DOMELIKE FEATURES 

The top of the Todilto Formation is an extremely ir
regular surface. Small hummocks or knolls of massive 
limestone and associated sandstone are profuse in local 
areas; some rise as much as 20 feet above the surround
ing surface and apparently reflect the true character 
of the contact zone. The interior of most of these hum
mocks is not exposed, so the structure and composition 
of the hummocks is not fully known. Some hummocks 
may be composed entirely of massive limestone and be 
me~ely a pronounced local thickening of the unit. The 
:few exposed interiors consist of a thick lens of gypsif
erous sandstone underlain by stratified limestone and 
overlain peripherally by a thin layer of massive lime
stone. The sandstone has the aspect of a blister near 
the top of the limestone. The largest hummock found 
is 300 feet in diameter and at least 20 feet high. It is 
breached, and the thin layer of massive limestone up
holds a circular ridge that surrounds a topographic 
basin from which most of the sandstone has been re
moved. Whether or not the thin ca.p of massive lime
stone originally extended completely over the top of 
the feature cannot be determined from the exposure. 

The distribution of the domelike features suggests 
that they are related to sandstone pipes. Although 
some are exposed where sandstone pipes are few in the 
overlying Summerville and Bluff Format.io~s, th.ey ap
pear to be most abundant where the pipes hkew1se are 
most numerous. For example, six htrge domelike 
features are exposed in a small area near a group of 
pipes about one-third of a mile west of the Crackpot 
mme. 

DiTRA.FORMATIONAL FRACTURES 

The Summerville, Blufl', and Morrison strata loettlly 
contain abundant fractures that formed penecontempo-
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raneously with sedimentation. Such fractures-joints, 
faults, and a few sandstone dikes-are most abundant 
where Jurassic folds are most pronounced, and some 
north-trending folds are also fracture zones. 

Many faults terminate and are buried undt'r higher 
beds of the units they cut; thus, they are cll'.'trly pene
contemporaneous. Also, the fnct that strata in the 
footwall of a fault. in the Summerville Formation (fig. 
10) are thinner than equivalent strat:t in the hanging 
wall indicates that the fnult was active during sedi
mentation. Similar though smaller faults are locally 
abundant in the Bluff Sandstone and in sandstone beds 
of the Morrison Formation. Some of the faults and a 
few joints contain sandstone dikes as much as half an 
inch thick that were derived from the sandstone beds 
the dikes cut; evidently the dikes formed when the 
sand was unconsolidated. 

FIGURE 10.-Fault in Summerville Formation. 

Intraformational fractures are most abundant where 
Jurassic folds are most pronounced, and they are not 
consistently parallel to any Cenozoic fracture set. The 
two categories of fractures overlap in their orientation, 
however, and attitude can be used as a diagnostic fea
ture only with caution in small areas of detailed study. 
Figure llA represents the poles of all penecontempo
raneous fractures measured in sandstones of the Sum
merville, Bluff, and Morrison Formations in the Laguna 
district. This diagram does not resemble any of the 
stereodiagrams of joints of two regional fracture sys
tems (pl. 4). 

N 

+ 

FIGURE 11.-Pattern.• of peneconte~poraneous fractures in sand
stones of Summerville, Bluft', and Morrison I<'ormations. A, 
Fractures throughout Laguna district. Poles of 60 fractures 
plotted on upper hemisphere of Schmidt net. C<mtour lnter
Yal 1.7 percent. B, Fractures in Bluft' Sandstone (•) and 
sandstone of Morrison Formation ( +) measured on sides of 
Mesa Gigante near syncline 1 (Jll. 3). Poles of 22 fractures 
plotted on upper hemisphere of Schmidt net. 
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\fany snmll joints and faults occur in syncline 1 

111 til•• uppet· part of the Blufl' Sandstone and in the 
-a 11d-tulliJ stmta of the Morrison Fonnation that lie 
.tin·•·tly abo\·e the belt of sand-;tone pipes (pl.~)- The 
J>IJ••·~ am buried by the upper part of the Bluff Sand
' .. n.·, whm-eas the fractures are exposed above this unit. 
n,., attitude of the fractures is shown in figure liB; 
lo·.trly, rno~t >:trike about parallel to the axis of the 

-1 rwline and the belt of sandstone pipes. The faults 
-how normal displacements of a few inches; some are 
1 nmc·ated by overlying strata. These fractures appear 
1o lnn·e fonned in response to downward movements in 
1 Ire• stnwtural depressions during sedimentation. 

SANDSTONE PIPES 

\Iany hundreds of peculiar collapse structural fea
r"'""~' termed "sandstone pipes," are exposed in the Sum
lllt'ITille, Bluff, and Morrison Formations (Schlee, 
Wli:l). They are nearly vertical cylindrical sand bodies 
1 hat range from 1 inch to 200 feet in diameter and from 
I foot to possibly as much as 300 feet in height. The 
··r·o~scutting character and cylindrical form of these and 
,irnilar structural features in other terranes have pro
roked controversy for many years, and no widely ac
<'l'pted explanation has yet been proposed. In the La
guna district the pipes appear to be collapse features 
that formed as the enclosing sediments accumulated. 
These pipes are of particular geologic interest here be
<'ause two are known to he mineralized-the "' oodrow 
deposit, which yielded several thousand tons of the rich
t>St uranium ore in the district, and a large collapse fea
t n re in the J ackpile mine. 

DISTRIBVTION 

Se\·eral hundred sandstone pipes are exposed in the 
clistrict, mainly south and east of Laguna, whet-e the 
Summerville Formation and Bluff Sandstone are widely 
t•xposed (pl. 3); no doubt many more are buried to the 
north benPath the thick coYer of Cretaceous strata. 

.\11 the known pipes are confined to the SummetTille, 
Bluff, and Morrison Formations-a .Jurassic interval 
I hat totals nearly 1,000 feet in thickness. In general, 
pipes extend downward from thick sandstone beds into 
thick units composed mainly of siltstone and mudstone. 
Two large pipes at-e known to extend downward from 
the .Jackpile sandstone into the Brushy Basin }[ember 
of I he Morrison Formation; a few small pipes ha \"e been 
l'onnd in the "'estwater Canyon Ml.'mber, and these 
pmhably exte-nd downward into the Recapture .Hemher. 
\[ost. pipl's, however, were found in the Blutf Sandstone 
and the_Summerville Formation. In this sequruce most 1 

large pipes extend downward from about the midlile J' 

of tho Blntl' into or through the Summerville, ami 

:tpparently terminate downward on the Todilto 
Formation. 

Although some pipes appear to be isolated, most are 
concentrated in groups or belts containing as many as 
100 pipes. .\lost such groups or belts are parallel to 
both the east- and north-trending sets of .Jurassic folds 
(pl. ~). One belt follows the axial zone of the Alamo 
Spring syncline (pl. 3), hut other belts are on the north
or east-dipping limbs of .Jurassic synclines. 

The belt that follows the west limb of syncline 1, on 
the southwest corner of Mesa Gigante, contains many 
more pipes than can he shown on plate 3 or on the 
quadrangle map (Moench and Puffett, 1963h). Many 
rounded towers and. hummocks rise above the exposed 
Bluff Sandstone and Summerville Fonnation and the 
alluvium of the valley bottom (fig. 12A). This belt of 
pipes possibly extends southward under :Mesa Gigante, 
where it is buried by the upper part of the Bluff Sand
stone and by the Morrison Formation. To the south it 
reappears as single pipe. 

DESCRil'TION 

The most common surface expression of a large pipe 
is a knobby column of massive sandstone, in places rising 
more than 20 feet above the surrounding surface. 
'Yhere well exposed, the massive core is typically 
bounded by concentric ring faults or ring dikes of sand
stone. Rarely, the central part is less resistant to ero
sion than the surrounding rock and forms a small 
topographic depression surrounded by a ring-shaped 
ridge. The outcrop of the 'V oodrow pipe, a low protru
sion above the surrounding surficial debris, is indicated 
only by discontinuous semiconcentric fractures; it was 
discovered only because of its extremely high radioac
tivity. The large pipe in the .Jackpile mine was 
uncovered during mine operations. 

The cylindrical form of sandstone pipes is irregular, 
and many pipes are compound. For example, one pipe 
may intersect. another, so that only a crescent of the 
older pipe remains; or a pipe may contain s~:weral 
smn.ller pipes. These relations are shown in figure 12H. 
which illustrates some of the ~mallest. pipes found in the 
area. Pipes apparently range in width downward, but 
whetht>t" widl'ning or narrowing is dominant cannot be 
determined from surface exposures. The "\;Voodrow 
pipe, for which many subsurface data are available, is 
from 2± to 3± feet in diameter; the up pel' 50 fet>t. of the 
pipe phmg-l's about Hi 0 S. 50° E.; bt>low a depth of 50 
fl'et till' pipE' spimls to a plunge of nwt-e than 80° N. 45° 
E. (Wylie, 1%:~, p. 177). 

Tlw hound:u·it>s of most pipl•s art> sharp. They may 
bomal'ked bv a zone of concentric l'ing faults and ring
shaped sheaths of sandstone ot· by tho sharp contact be-
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FIGURE 12.-Sandstone pipes. .1, View northward toward sandstone pipes on limb of syncline SQuthwest of lfesa Gigante. 
Synclinal axis lies to right of pipes. IJ, Closeup of small compound sandstone pipe. a, J~roded sand>~tone pipe. 
Concentric sandstone sheaths (S) surround massive core (C). Sandstone strata of wallroeks shown by numbers. 
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tWI'l'n the massive sandstone column and the surround-
1ng strata. Strata around lL pipe may dip inward, 
toward the pipe, or they may be flat lying. The pipe 
.,hown in figure 120 has a ma.ssive sandstone core of 
-mall diameter (C, about 3ft) bounded by a wide zone 
of concentric sandstone sheaths (S). The outermost 
.;heath extends downward from the uppermost stratum 
of light-colored sandstone (1) in the wallrock and trun
cates the next lower stratum of light-colored sandstone 
t~). Both strata have been displaced downward 
tmvard the pipe by ring faults that are approximately 
concentric to the pipe. 

The core of a pipe may be compact massive sandstone 
or it may be a compact jumbled mixture of angular to 
rounded sandstone and mudstone fragments embedded 
in a massive sandstone matrix. Both the fragments and 
the sandstone matrix appear to be derived locally. The 
core of a plug rarely is undeformed, and it appears to 
have been dropped as a unit from a short distance above 
(Schlee, 1963, fig. 6). 

Where the top of a pipe is exposed, the pipe has obvi
ously been buried by the uppermost sediments that con
tain it. Small pipes (a foot or less across) are 
funnel-shaped at the top and are overlain by stratified 
sandstone which tends to sag slightly over the top of the 
pipe. Similar relations have been observed at the top 
of a large pipe in the Bluff Sandstone and of the large 
pipe that was exposed by mining operations in the 
.Jackpile mine. 

Exposures of the base of a pipe are rare. About 3 
miles east of Laguna, however, the bottoms of two pipes 
in the upper part of the Snmmen·ille Formation are 
exposed. Both pipes are underlain by relatively 
undeformed strata (Schlee, 1963, fig. 40). 

Although the full vertical extent of a pipe is nowhere 
exposed, our observations of the rare exposures of the 
upper and lower ends of pipes suggest that each pipe 
extends downward from about the middle of a layer of 
sandstone into a layer of siltstone or mudstone. Pipes 
that top in the Jackpile sandstone probably bottom at 
~ome level within the Brushy Basin l\Iember; those that 
top in the \Vestwater Canyon ~!ember pmbably bottom 
within the Rl'captm-el\Iember; and those that top in the 
Blutf Sandstone probably bottom within or at the base 
of the Summen·ille Formation. 

~Iaterials within the sandstone pipes evidently moved 
downw:trd from their place of origin. Strata sag over 
the tops of pipes, and commonly around their margins, 
and am displnced downward towat-d the center by con
ePntric ring faults. \Vhem the tops of pipes at-e well 
oxposed, much material evidently tlowed into the pipe 
from the surrounding surface. The ttbundant car
bonaceous material in the .Tackpile mine must have been 

221-688 ()-(16----4 

drawn into the pipe, as plant material from the sur
rounding surface, by a rapid downward movement 
within the pipe. Finally, petrographic evidence sug
gests that materials that make up the core of a pipe 
were derived from adjacent or overlying strata {Schlee, 
196:3, table 1) . 

It is rarely po&<>ible to correlate stratigraphic zones 
outside a pipe with remnants of stratigraphic zones 
within a pip. At the Woodrow mine, rocks in the pipe 
have been dropped 30--45 feet relative to those outside 
the pipe; the amount of drop differs for each zone cor
related (Wylie, 1963, p.177). 

RELATION TO GYPSVM 

Neither the areal nor the stratigraphic distribution of 
sandstone pipes coincides with that of the gypsum unit 
of the Todilto Formation. For this reason, and also 
because some pipes do not extend downward to the 
Todilto, removal of underlying gypsum cannot easily 
explain the origin of all the pipes. Nevertheless, gyp
sum is thin or absent near some pipes, so that a local 
relation between pipes and the removal of gypsum is 
suggested. 

One group of pipes is about one-fourth mile north
west of the Crackpot uranium deposit (pl. 3), a short 
distance east of a thick unit of gypsum. The gypsum 
wedges out sharply toward the group of pipes, and, still 
closer, several domelike l~nses· o.f .gypsiferous sandstone 
are exposed. · · ·'·t·:'-":· 

On the south side of El Rito Mesa, just north of 
Mesita (fig. 1, GQ-210), gypsum is missing from a zone 
about 2,000 feet wide above which two pipes are ex
posed; the pipes are possibly part of a north-trending 
belt of pipes. On either side of the zone the gypsum is 
about 60 feet thick. Within the zone gypsum is replaced 
by a much thinner lens of massive fine-grained yellow
ish-gray sandstone that contains small fragments of 
limestone. This sandstone may represent material that 
was introduced from above through the pipes as the 
gypsum was removed. 

ORIGIN 

Sandstone pipes in the I..a.,auna district formed during 
the accmnulation of the uppermost strata that contain 
them, particularly in areas where gentle penecontem
poraneous folding was taking place. The dominant 
process was evidently one of subsidence of unconsoli
dated or semiconsolida.ted sand into mud, for pipes of 
all sizes appear to be confined to strata in which sand
stone on•rlies mudstone. 

In the Laguna district, pipes have been 11;ttributed to 
"penecontemporRneous sa~ or collapse due to removal 
of support. by flowage or solution of the underlying 
gypsum" (Mirsky, 1955). Strong support for this pro
cess can be seen at El Rito Mesa., north of Mesita, but 
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the facts that some pipes terminate at their lower end 
well :tbon" the gypsum and that the at'l'al distribution 
of pipes is far greater than the present dist.ribution of 
gypsum sug-gest that this was not a major process. Pos
sibly, though, different pipes originn.t!'d by different 
processes, and gypsum may formerly haYe been much 
more widespread. 

Gableman (1957) postulated that most pipes on the 
Colorado Plateau (including the Laguna district) are 
rryptovokanic features that originated from gaseous 
volcanic explosions. The limited stratigraphic distri
bution of pipes in the district and the absence of any 
evidence of explosion or of high tcmperature alteration 
in the pipes studied preclude this possibility. 

We suggest that the pipes formed by foundering of 
sand into spring vents during compaction and dewater
ing of the sediment. At some stage in the accumula
tion of sand on top of water-saturated mud, the area 
was deformed; this deformation produced north- and 
east-trending synclines. The structurally low areas re
ceived more sediments than the higher areas; and the 
resulting greater weight of sediment in the synclines, 
coupled with spring activity alined along the folds, 
permitted foundering of sand into spring vents. As 
the process continued, the sand moved downward and 
mixed with materials derived from the sides of the 
vents. The total amount of room required to accom
modate the sand was probably considerably less than 
the volume of the pipe, because the pipes are composed 
of materials derived from the sides as well as from the 
top. Room for the sand was probably created by com
paction and dewatering of the finer sediment. ·where 
spring activity extended in depth to the Todilto, solu
tion of gypsum unquestionably enchanced the forma
tion of pipes. 

Because the bulk density of water-saturated sand is 
greater than that of water-saturated silt or clay 
(Emery, 1950), an unstable cGndition is created where
ever a layer of sand is depooited on water-rich mud, 
especially if the mud is thixotropic. This instability 
can be responsible for intraformational folds. (Em
ery, 1950; Kaye and Power, 1954) or for a multitude of 
subsidence features that characterize interstratified tur
bidite graywacke and shale. We suspect that this insta
bility coupled with spring activity might also be 
responsible for sandstone pipes. 

Folding and faulting during sedimentation would 
aid the formation of springs and account for the belt
like distribution of most pipes, for springs are common 
pmducts of tectonic rlisturban('.es. Hobbs (1907, p.l28) 
described springs and geysers that formed during the 
New Madrid earthquake; Hobbs (1907, p. 9-10) and 
Heck (1936) described subsidenee craters as much as 

100 feet. across that formed during- another earthqunk~. 
The alinement of springs along faults is fairly common. 

Crt:>ation of space by water loss needs furtherexplan~ 
tion: some of the larger pip<'s have :t volume in excess uf 
3.5 million cubic f!'et, much of which is oecupied by in. 
troduced sand. Silt and fine sand can yield by "11011 

failure" (Krynine, Hl4i, p. 148), during which the 
sediment undergQCs a readjustment. of loosely pack('(! 
grains. The shift toward more dense packing result~ 
momentarily in liquefaction of the mass of sedirnem 
owing to vibration induced by tectonic disturbance, and 
momentary liquefaction of thixotropic clays might 
lead to a similar flow failure. The resulting liquid 
might easily haYe been pressed upward and out of the 
pipe, along whatever channels were available, by the 
downward-moYing sand. Evidence of this upward 
movement would probably be difficult to find. 

CENOZOIC STRUCTURAL FEATURES 

Two general stages of deformation probably spanned 
most of the Tertiary and possibly extended into Rerei•' 
time. The two stages-early Cenozoic folding followe.i 
by late Cenozoic fracturing and uplift-probably owr 
lapped in time. The major structural features of bot!. 
deformations are shown on plate 4. The San Ignaei" 
faulted monocline, on the east side of the mapped af!'a. 
marks the boundary between the Colorado Plateau an<: 
the Rio Grande depression to the east. Through mo>! 
of the district the strata dip north to west into the Sal• 
Juan Basin and are further deformed by domes, basin-. 
north-trending folds, widely scattered north-trendin~ 
faults of small displacement, and several sets of joint., 

The total error in the structure contours drawn o!· 
the base of the Dakota Sandstone (pl. 4) may locall: 
exceed the 100-foot contour interval used. The en,•I 
is probably greatest in the northern part of the distrir: 
where the Dakota is deeply buried, because the intern· 
to be subtracted from a higher horizon cannot be ,ft
termined precisely and may be variable. The Dakot:' 
ranges from about 5 to more than 100 feet in thicknr"·· 
in the district; where the Dakota is covered, its thich 
ness is assumed on the basis of its thickness in the near 
est exposure or drill hole. The method of map con• 
pilation, by Kelsh plotter, introduces an additional err~>: 
of about 20 feet. 

FOLDS AND HOMOCLINJ!I 

The boundary of the San Juan Basin follows th 
Madera anticline and its southwest extension, the ~f:, 
dera terrace (pl. 4 Moench and Puffett, 1963a). Tl:· 
ea.'->t boundary of the basin is fairly well definpd, bt; 
the southeast. boundary is indefinite and arbitrary. 

·west and northwest of the Madera anticline and t•·r 
race the Cretaceous strata slope about 100 feet per milo 
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, ,,. :-;,111 .Jwm Basin. This nearly eontinuous dip is 
• : 1 •I'"'" lo<:ally by broad terraces, some of which 

, ... -lwht elosure. The 100-foot contour interval on 
, . ,, 1 11·tlo•c•ts only the largest of these terraces, but 
. 1 ·1111dlo•r terrac('S exist. 
; ···! .. r the Madera anticline and west of the San 

,, '" faulted monocline, the rocks are warped by sev
•• ', 111ad g-entle anticlines, synclines, domes, and basins 

, l··lt about 5 miles wide and 15 miles long (pl. 4). 
•• , 11 rlu· crest of the Madera anticline, the strata dip 
.,,·h "' 11° eastward into the Areh Mesa syneline and 
n. f:lrt her east they rise gently, with some reversals, 

1 ., I'll'S of anticlines and domes near the east margin 
.. : ·"··lt. 
!'"' ( 'retaceous strata rise steeply to the north end 

· ; h·· Lucero uplift, about 13 miles south of Mesa Gi
. • ·:tt'. 11 here uppermost Permian rocks are exposed at 

t!ntude of about 6,500 feet (Kelley and Wood, 1946, 
. t:tlll 11-IJ'). If we assume that about 1,300 feet of 

.:nlt• awl about 650 feet of Jurassic strata once over-
., t '"' l'l•rmian (Kelley and ·wood, 19-±6, section A -A') 

,, h:l"l' of the Dakota here would be at an altitude 
t •.-l:,o feet, or about 2,000 feet higher than at the 

• 'I r It o•nd of l\fesa Gigante. 
:-ome Cenozoic folds may be amplifications of older 

• .:,J,_ The Madera anticline (pl. 4) is nearly super
. • .. , . .J on three areas where the J ackpile sandstone is 

. , n or absent (pl. 3). This zone of thinning is trans
··r--o• to the elongation and sedimentary trend of the 

· tnt!-tone body and probably represents a broad low
""J>Iitnde north-northwest-trending anticline of Juras

. ll!!('. The Madera anticline, therefore, is probably a 
· · wt imted Jurassic fold. 

FRACTURES 

Thl\ fracture pattern illustrated by means of joint 
•!!rams and mapped faults on plate 4 is perhaps the 

· '''' -.triking characteristic. of the Cenozoic structural 
:. aturPs in the district. It is discussed in detail to give 
• i·a-;i;; fot· distinguishing between Jurassic and Ceno-
1''"' fradnres in uranium deposits, to elarify parts of 
: ,,. ;!Polog-ic history of the district, and to provide a 
'·r-H for dl'termining the character of stresses to which 
'·.,. an•a has been subjeetf.'d. Because the district lies 
''"tim hmmdary between the Colorado Plateau and the 
l :.hilt and Range provinee, fmetures can be studied in 
ro·lat iou to the structural histories of both regions. 

FAULTS WEST OF SAN IGNACIO FAULTED MONOCLINE 

\\'it It the exeeption of the S>tll Igna;?io faultt>d mono
' !'"''• faults are widely spaced and of small displaee
'"''111. t.hmngltout. most of the Lag-una distt·iet. (pl. -!,). 
liu• f:tnlts strike dominantly north to north-northea;:.--t 
'""' IU~Lrly vertical, and m()(:o-f, h:we 11 nonnal displace-

ment whieh nowhere exceeds 50 feet. In the central and 
western parts of the district, individual faults can 
mrely he traced more than 2 miles and, commonly, less 
than 1 mile; brther cast, ne~t~· the S:m Ig-nacio faulted 
monocline, sing-le fault.<; can be traced for as much as 
about 4 miles. The faults are fairly straight, and at 
their ends they show no evide.nce of horse-tailing or 
feathering out. .Fault surfaces are commonly slicken
sided, and striae are oriented directly down dip; vugs 
containing calcite, pyrite, or hematite pseudomorphs 
after pyrite are locally present. Two faults in the 
southwestern part of the district strike northeast, in 
contrast with the dominant northerly trend. One is a 
normal fault that clips 65° S., has an irregular trace, 
and contains wide vugs filled with abundant calcite. 
The other is not weH exposed . 

Hunt ( 1936, p. 61) noted that at many localities in 
the Laguna district the downfaulted beds dip into the 
faults, and that rarely do beds on opposite sides of 
faults show the expect~d drag. He reported that other 
faults fail to disturb the strike and eli p of the beds. 
North-trending faults of the Laguna district especially 
fit Hunfs description. Much of the displacement on 
some of these faults, in fact, is attributable to down
bending of beds on the downthrown side. If the north
trending faults formed under regional east-west 
elongation, as postulated in a later section (p. 50); some 
openings would be equal in width to the heave of the 
fault. Such openings might be closed by gravitational 
settling of the hanging wall by amounts that depend on 
the heave and dip of the faults. 

The number of faults having relative displacements 
down either to the east or to the west is about equal in 
the southwestern part of the district, and there is little 
if any structural relief. In the northern and eastern 
parts of the district, however, faults having displace
ment in similar directions are distributed in f:tirly de.fi-

1 

nite zones. ''T estwnrd ft·om the San Ignacio fault~d 
monocline, in >t belt about 4 miles wide tlutt narrows 
northward, the domin:tnt direction of displacement on 
the faults is down to the west.. West of this belt, on 
the west. side of the La Gotcm and Arch .Mesa quad
rangles, the dominant displar<)mcnt is down to the east, 
and farther west the displ:teement is again down to the 
west. 

Faults west of the San Ignacio faulted monocline may 
refieet some of the youngest struct.m~1l activity in the 
reg-ion. Hig-h-angle nort-h-trending normal faults cut 
diabase sills southwest of Mesita, and one such fault cuts 
a basalt. flow on :\fesa Chivato. Sills arc not known to 
eut. faults, nor do dikes follow faults having more t.lmn 
a few foot of displacement. 
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SAN IGNACIO FAULTED MONOCLINE 

Hunt (l!l36, p. 64-) applied the name Snu Ig-nacio 
monocline to the featme that forms the boundary be
tween the slightly faultl'll Color·ado Platl•au to the west 
and the g-reatly faulted Rio Grande depression to the 
e:lst. This structural feature has local monoclinal 
characteristics, but as a whole it, is as much a zone 
of faults as a monoclinal fold and is called the San 
Ig-nacio f:mlted monocline in this report. It forms the 
western part of the Puerco fault belt. of Kelley (1955), 
a wide north-trending belt of normal faults cDnnect.ing 
the NacimientD and Lucero uplifts on the north and 
south, and separating the Colorado Pbteau from the 
deeper parts of the Rio Grande deprt>ssion. Strata 
cut by most faults in the Puerco fault belt are down
thrown to the west, but because individual blocks tilt 
eastward, the structural relief across the belt. prdbably 
does not much exceed 2,500 feet. 

On plate 4 many faults in the San Ignacio faulted 
monocline are shown to cross one another without recog
nizable horizontal displacement. None of these inter
sections are well enough exposed to allow determination 
of which fault is younger. Because all the faults have 
steep dips and most are probably dip-slip faults, 
displacements of one fault by another cannot be large. 

The San Ignacio faulted monocline is about 30 miles 
long and ranges in width from a single fault trace tD a 
fault zone as much as 2 miles wide (pl. 4). At its south 
end it is a single fault on which strata are downthrown 
more than a thousand feet to the east. This fault prob
ably converges southward with the Correo fault of 
Kelley and Wood (1946). The southern part of the 
fault zone shown on plate 4 consists of many straight 
north-northeast-trending, crudely en echelon faults ap
parently truncated by arcuate faults that account for 
much of the displacement across the zone. Here, the 
strata on the east side of the zone have been dropped as 
much as 2,200 feet relative to those on the west side. 
The rocks in this part of the fault zone are mostly tilted 
eastward, and in places they are step-faulted down to 
the west, so that the relief across the zone is reduced. 
The central part of the fault zone is marked by a single 
fault; northward the zone swings to a north-northwest 
trend, bro:tdens, and becomes more complex. The 
northern part of the fault zone is characterized by many 
en echelon northeast- and east-trending faults inter
&persed with a few north-trending faults. Though due 
to more faults, the total displacement across this part 
of the zone is less tha.n that to the south. Near the north 
boundary of the quadrangle (Moench, Schlee, and 

Bryan, 1965), the total displacement is less than 4 , 

fe<>t, much of which is attributable to one revers1• f:n; , 

a short distance to tlu1 north, the fault zone pas:<t•s 11 • 
nneast-facin~ monocline luwing little struetnml rP!i,·! 

The dominant displacements across the San Ig-ua 
faulted monocline were probably dip slip. ln 1, 

southern half of the zone, strata in the tilted fault bl(. :. 
or slh·ers strike nearly parallel to the faults; strik,•--1 
components totaling several miles of displnePnw I 
would be necessary to aceount for the yertical SP)laL 

tions. In the northern part of the zone, the 111a ., ,, 

displacements were probably dip slip, even thot;J: 

slickenside striae are Loth steep and nearly horizont:1: 

the fault. traces are too short for the faults to haw h:, 
strike-slip components large enough to account for,:,, 
obserwd vertical separations. 

The San Ignacio faulted monocline probably fot11il• 
in response to Yertical mo,·ement&-east side down wit· 
po~sibly a small right-lateral component~n a Jar::· 
north-trending high-angle fault at depth. The dom. 
nantly rertical morement is indieated by the gross ven, 
cal stratigraphie separation across the feature: tb 
right-lateral component is suggested by the crudely t·: 

echelon patterns within the faulted monocline. T!u 
many faults within the zone across_ which strata a!'l 
downthrown to the west may have formed in responSl' 11 

monoclinal bending. This is particularly evident i1. 
the southern part of the fault zone (pl. 4); faults in 
crease in number northward, and the displacement nt 
strata down to the west increases with increasing dip It· 
the east. 

The possibility that the San Ignacio faulted monn 
cline formed under a regional couple cannot be elim1 
nated. En echelon fracture patterns, which an 
detectable in parts of the faulted monocline, have bl'('J 
produced experimentally by coupled stress-for exam 
ple, those produced by Cloos (1955, pl. 2, fig. 2, an•: 
pl. 3, figs. 1 and 2). Applied to the Laguna district 
the trend of the San Ignacio faulted monocline mil!h1 

be interpreted as one shear direction, and the north 
northeast-trending faults, as about normal to the dirr• 
tion of tPnsion in the couple. A right-lateral coupll·. 
then. would be oriented slightly west of north, and 11 

wouid tend to move the are.'1 to the east of the faultt·d 
monocline south relative to the area to the west. Till' 
accompanying folds should trend west-northwest, for 
the major direction of compression in such tt Htl'l''' 
system would be oriented north-northeast. Nor1h 
trending folds about parallel to the shear directiou, 
however, are possible. 
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... 1oi•· joint<>,' which are present throughout the 
o•!lt:rry strata of the district, are oriented in at 
·I' joint. sets." Three joint sets strike nearly 
. north-uortheast, and north-northwest, respec

.. dip ~tPeply to vertically, and appear to form a 
)"I Ill ~y:-tem 3 that developed in response to late 

.. 1, tl'ctonic: nctivity. The three other sets, which 
-.l•olll at right angles, respectively, to the three 

.( 1 ht• major system and also dip steeply to verti-
.• , r .. not c·learly understood; they may be analogous 

,. un-y,tematic cross joints described by Hodgson 
·.I'· 1::, lil) and have no tectonic significance. 

· '"' ancl small faults of widely different ages are 
, :: 111 the district: those that formed during or 

· · :, after .Jurassic sedimentation, described pre
·'-'. and those that formed in Tertiary and possibly 

,·,·r!l.try time. The younger joints are far more 
· .l.tnt, widespread, and persistent in strike and typi

:::m• steeper dips than the older, and they are in 
·''young as the late Tertiary(?) diabase. 
~·rTatlon of the orientation and characteristics of 
• t h<>it· spacing and smoothness and the presence 
····no·t• of mineral matter or slickensides in them
!w prunary method of joint study. The fracture 

• ',, 111 the district shows little regard for topog
·. 1 : rlw same pattern is obtained near and distant 

1 llll'oa rim. To illustrate the orientations of the 
' l'•int o;<>ts and determine if the less abundant 

·' of cliJl'erent orientations are systematically 
···d. t hl' poles of the joints were plotted on the up
•'llli'Jlhl're of Schmidt equal-area. diagrams and 

· •llrt•tl (pl. 4) according to tlw method described by 
· !!' \ Hl34, p. 112~114). Each of the 13 contour 

," '"" rt>presents an area of fairly homogeneous 
·:.:1 · ,fructure: the outline of each area is shown 
,. rnap (pl. 4). The joint diagrams on the map 

• 1\t'l'l' dt'riwd from the contour diagrams. Each 
' ntaximum on the contour diagrams is represented 
' 1 11 '-•• lint', and dips are shO\vn for maximums that 
·.·' 1 •·r·tieal: the length of the strike line is propor

,, ·.,rlw pl'rcentage of the maximum. A few short 
" i""'" rt'present small maximums that are not 

"'l th,, eontour diagmms, because some eontours 
' :~lt•tl to simplify drafting. The amount of 

1 ; '"'' 1, a fructurt' without significant r!'lative displace-
! ho· "ail<. which is a mt•mb!'r of a group of frnctnn's 

' 
1 ''h'lhin~ in thre£" dinwnsions g'('Uerally, or within thP 

·r a ~h-,•n rock body" (Mitcham, lllG;I, p. ll;'ii) ; this 
I: ·H'\'t~fltPtl here, elituinnt£'s the nuuty rough und ap-

' ""'~<tPnuttit• fractures that can be found in most . ~ ... 
' ''"'I' nr >ubparnllel joints. 
1 

""11 1' nr Intersecting genetically related joint sets. 

data recorded in areas of about equal size differs greatly. 
The dominant joint sets, however, are sufficiently per
sistent to be defined by as few as about 40 measurements. 
Diagram 2 (39 measurements), for example, is con
sistent with diagrams for nearby areas (74-144 
measurements) . 

One principal set of joints (labeled B on the map in 
pl. 4) strikes nearly parallel to the north-trending high
angle faults and diabase dikes west of the San Ignacio 
faulted monocline. Locally, joints of this set ha.ve per
sistent a:ttitudes, as shown by the conspicuous maxi
mums they form in some contour diagrams. From one 
area to another, however, these joints change in strike 
from about N. 15° E. toN. 5° vV., apparently sympa
thetically with strike changes of the faults and diabase 
dikes. This set is not represented in diagrams 8 and 
10 (pl.4). 

Joints of the B set -are the only ones that commonly 
contain pyrite Yeins. Such veins are most abundant 
in the Bluff Sandstone where it is intruded by many 
diabase dikes and sills. The veins, which at the surface 
are composed largely of hematite after cubic pyrite, 
may be half an inch thick and can be traced horizontally 
for several tens of feet; their lateral extent, however, 
may be considerably greater. Concretions of hematite 
after pyrite as much as 3 inches across are commonly 
alined along joints of the B se-t in the same areas. Else
where, most of the joint surfaces are thinly coated with 
iron and manganese stains. Except for local, minor 
deflections where they intersect stratification, joints of 
this set. are planar or very slightly curved. The trace 
of a single B joint, as indicated by any of the longer 
diabase dikes, may be more than 5 miles long. 

In many areas the B set approximately bisects the 
acute angle between two other joint sets (labeled A and 
C on pl. 4). The A set strikes from about north ( dia
gram 3, pl. 4) toN. 30° vY. (diagram 7, pl. 4), and the 
C set strikt's from about N. 10° E. (diagram 7, pl. 4) to 
N. 50° E. (diagram a, pl. 4). The A and C sets tend 
to vary in strike sympathetically with strike variations 
oft he B set, faults. and diabase dikes. 

The A and C joints, which more precisely are strike
slip faults of small displaeenwnt, commonly exhibit 
conspicuous horizontttlly striated slickensides; these 
features were not. seen on joints of any other set. The 
slickensides :tre most conspicuous on thin films of white 
or iron-sb1ined quartz Umt line the joint. surfaces, but 
they haw llt'en Sl'l'n on joint surfaces that are barre.n of 
mineml matter. Slickensides were obsern>d most com
monly on A and C joints in the Dakota Sandstone, which 
is moro intensely jointed than most other units, but 
they have been found on joints in sandstone units 
throughout the stmtigmphic section. 
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.Joint ::;e,ts hl:beiNl Ac, Be and Cc (pl. ·!) are npproxi
matdy normal ·in strike to the A, B, :md C st>ts, t>XCt>pt. in 
those diag-ram::; where one or more of the l:tttet· arc not 
rcpt·esPnted. Bceause the Ar, Be, nnd Cc joints tend to 
ro!:tte sympatheticttlly with strike ehang-es of the other 
sets, they are probably unsystematic cross joints that 
are similar to those described by Hodgson (1961, p. 13, 
18). They ·are poorly understood, howe,·er, and con
ceiv:tbly m:ty represent an entirely independent joint 
system with n tectonic significance of its own. 

Like the unsystematic cross joints discussed by 
Hodgson ( 1961), the Ac, Be, and Cc joints tend to be 
arcuate nnd to have rough, irregular surfaces. Unlike 
Hodgson's cross joints, however, they may be long and 
may int!'rscct sev!'ral joints of the A, B, and C sets. At 
one locality, horizontally striated A and C joints that 
strike N. 25° ·w. and N. 35° E., respectiYely, are inter
sected and offset (less than a tenth of an inch) by joints 
that strike N. 70° E. and N. 75° W., respectively. Off
sets along the joints that strike N. 70° E. are right 
lateral, whereas offsets along the joints that strike N. 
75° W. are left lateral. 

Joints in the north half of the San Ignacio faulted 
monocline (diagrams 4 and 5, pl. 4) are not classified, 
because the fault pattern is too complicated to serve as 
a guide to joint classification. However, the diagrams, 
especially diagram 5, suggl'st that the pattern of A, B, 
and C joints has swung from a generally north strike 
west of the faulted monocline to a northeast strike in the 
faulted monocline. The fault pattern in the south half 
of the zone is simpler and permits classification of the 
joints (diagram 6). A few minor sets that defy class
ification are evident in other diagrams for areas west 
of the fault zone. 

RELATIONS BETWEEN FRACTVRES AND LITHOLOGY 

In the Laguna district the B joint set exhibits marked 
changes in attitude from one rock type to another. In 
relatively strong rocks the joints are about vertical, 
whereas in weaker rocks they fonn two inclined sets. 
In a small area (about 1 sq mi) at the Sandy mine suf
ficient data were collected to contrast the fracture pat
terns in two very different rocks-the probably rela
tively strong Todilto limestone and the relatively weak 
Entrada Sandstone. The limestone (fig. 13A) has a 
simple joint system consisting of vertical north-south 
and east-west B and Be joint sets similar to those indi
cated in diagmm 13 of plate 4. In contrast, the sand
stone (fig. l:W) contains six well-developed joint sets, 
all of which dip at abnormally low angles in compari
son with joints in the limestone. J.'urther, the B joint 
set. in the limestone appe:u-s to sepnratl' in the sandstone 
into two B sets that dip at relatively low angles. 

,Joint sets in the Dakota Sandstone, a 1"(>1 1tti" 
strong unit, and those in the .Jnckpile stuHbto1". 

rel:ttively weak unit, :tlso contrast. In figure H, jo,; ' 
measured in the .Tackpile sandstone in the open )'lt , 

the ,T:tckpile mine :tt"O contrasted with joints lll&tsun. 

N 

k'IGGRf: l:J.-Htereodlagrams showing principal joint s<'t" I" 
sedimentary rocks at Sandy mine. Plotted on lowt·r h<'1"' 

sph<'re of \Vulfl' net. T--etters designate joint sets. A, 'l'mlill• 
limestone; maximums of 111 joint planes. B, I<lntratlll Hmul 

atone; maximums of !)8 joint planes . 
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. p;d,ol a Sandstone around the open pit. The 
, 1 Ill t h(l Dakota is complete, containing all six 
··'- n·co1-111ized in the district; all are about verti
ln th•· .Jackpile sandstone, all sets likewise occur 

N 

' I 
I 

\ 

\ 

I 

\ 

'' 11 -- ~ll'rt't>diagrams showing principal joint sets in 
' 'lt.try rn<'b of Jn<"kpile mint:'. Plottl'd on lowl'r hl'mi

: .. r Wnl!T ll<'t. Ll'ttl'rs Msignnt<' joint sets. .!, Dnkotn 
' .... ,.,.: •nnxlmums of 67 joint pllllll'S. B, .Jnckpile sand
'. oo( '''•'llomle usuge; maximums of 172 joint planes. 

but the B set apparently separated into two inelined B 
sets whose intersection plun~es north at a low :wgle. 
The whole pattern in the .Taekpile sandstone is rotated 
slightly counterclockwise from its orientation in the 
Dakota Sandstone. 

Within a small area a fracture pattern can be ex
pressed differently in different stratigraphic units. 
The area of diagram llJ plate 4, for example, contains 
all elements of t.he major joint system; but if all meas
urements in this area are plotted in two diagrams-one 
for the Cretaceous rocks and one for the .T urassic rocks 
(fig. 15)-we find that the A, B, and C sets and the cor
responding cross(?) joint sets are well developed in 
the Jurassic rocks, whereas the B set and its correspond
ing cross(?) set are missing in the Cretaceous rocks. 

RELATIONS BETWEEN FRACTURES AND FOLDS 

Except in part of the San Ignacio faulted monocline, 
no obvious relation exists between fractures and folds. 
Hodgson (1961, p. 26, 37) drew a similar conclusion 
about the joint patterns in the central part of the 
Colorado Plateau. Fold axes and structure contours 
are highly sinuous, whereas faults and joints are rela
tively persistent in trend (pl. 4). Further, the frac
tures generally transect even the general trends of the 
folds. Except in the area south of Laguna, faults seem 
to be more abundant where structure contours bend 
sharply as near the crestline and north end of the 
Madera anticline and in a northwest-trending zone just 
north of Piedra Lumbre. A genetic relationship be
tween fractures and folds is not demonstrated however. 
The flexed areas, for example, may have been weakened, 
so that they were more easily faulted at a later time. 

Joints do not exhibit a specific geometric relation to 
the folds west of the San Ignacio faulted monocline. 
The Arch l\Iesa basin, with a relief of more than 200 
feet in less than 9 square miles, is one of the most pro
nounced structural features west of the fault zone. The 
joint pattern in and around the basin is identical with 
the district-wide pattern; it is not concentric or radial 
to the basin (fig. 16). Longitudinal, cross, or diagonal 
joints that might be related to the Arch Mesa syncline 
as a whole have not been recognized. 

RELATIONS BETWEEN FRACTURES AND DIABASE 

Some fracturing is younger than the diabase sills, and 
some is older. l\Iost high-angle dikes parallel the north
trending B set. of joints, which indicates that this joint 
set existed before the diabase was emplaced. On the 
other hand, all sets of the joint system can be recognized 
in diabase sills, in addition to primary joints that 
formed during emplacement and cooling of t-he diabase 
( B:tlk, HJ48, p. a±---:~6). 

In the are:t southeast of Lagmm, several faults dis
place diabna' sills. Although dikes IH'C p:mtllel to the 
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I•'IGURE lu,-Joint patterns in Cretaceous and Jurassic rocks of 
area 11, plate 4. Poles of joints plotted and contoured on 
upper hemiHphere of Schmidt net. Letters designate joint 
sets. A, Cretaceous rocks; 42 poles. Contour mterval 5 per· 
cent. JJ, Jurassic rocks, 102 poles. Contour interval, 2 
percent. 

north-trending- fnults and B joints, they do not llJlJ•, 
to Juwe been empl:tced along faults. Nowhere dc)(·~ <J,, 
plnc{lment nJong- dikes nppear to be more than that .. , 
tributable to tho thickness of tho dike or an adjoi11 .t 

sill. ' 

COMPARISONS WITH FRACTURE PATTERNS IN OTHER PAIITS t! 
THE COLORADO PLATEAU 

Various studies of fracture patterns on the Coi01·a , 
Plateau (Duschatko, 1953; Gilkey, 1953; Hod!-"• 
1961; Kelley and Clinton, 1960) indicate that the ma 1 • 

pattern in the Laguna district may extend owr m1; 

of the extreme east side of the plateau but probably I:• 
far to the west. In the Lucero uplift, a few miles sout! 

east of the Laguna. district, the dominant fracture pa• 
tern consists of three sets that trend about N. 5° E .. ~ 
12° "r., and N. 25° E., (Duschatko, 1953), almost idt·: 
tical with the major joint system and accompanyit: 
faults and dikes in the Laguna district. Unlike tl. 
pattern in the Laguna district, however, theN. 5° E.,. 
and the other two sets (A, B, and C sets, respectively. •· 
our tenninology) do not occur in the same arr.:· 
(Duschatko, 1953). In the Zuni uplift, to the west, tL, 
most continuous fractures trend northwest, about pan· 
lei to the axis of the uplift (Gilkey, 1953). The pattPJ: 
in the Comb Ridge-Navajo Mountain area ofthe cent rr~ 
part of the plateau appears to be dominated by ea-: 
west, northeast, and southeast trends (Hodgson, lflGl 
pl. 1), unlike that in the Laguna district; locally the~< 
is a north-south trend. 

ORIGIN OF FRACTURES 

The north-trending faults and the north-northwe,'t 
to northeast-trending A, B, and C joints are interpre!t'' 
to have formed about contemporaneously as a r<>su!· 
of regional east-west elongation. This interpretatiO' 
is consistent with theoretical and experimental sturli<" 
of fractures and with the tectonics of the Rio Grande dr 
pression. The fact that the fracture pattern in the].,:. 
guna district extends without much change across tli• 
Lucero uplift to the south (Duschatko, 1953), but pr!ll' 
ably not far to the west, combined with evidence tha' 
the pattern formed in late Cenozoic time, suggests tha' 
fractures in the Laguna district resulted largely fr!lll 
tectonic activity in the Rio Grande depression. 

Cloos (1955, pl. 1, figs. 1, 3) produced fracture P·11 

terns in clay that closely resembled the most conspicuou· 
joint-and-fault pattern in the Laguna district. By non 
rotational tensional deformation of the clay, the ~;ur 
face of which was liberally sprinkled with water, ten 

.. 

\ 

.. , fractu' 
'f', ... lilll. "\ 

llill~l hyl 
r t • an<l; 

,'- lllilar' 
•
1 rPa:-.on 
• ''t' 1naj~ 

'". :tllrll 
1 \'111\llll, 

'
1ll'I1Hlh 

t diJ("('fl' 

•','•t'i'll ir 
,,f thl 

,' ,. IlP-I pi 
r 

0 lo thl 
•' .\nd(•' 

.: 1Pll'•·i(J 

• jl '~'"', h: 
j Jli!(•JJ) 

''111111111 

'J' h·n ... J 

"•llll-.[1"1: 



do uot ap1. 

vherc "'""· d 
'than 1 h:tt 
; an adJ•• , 

:lTHER PART'!,. 

I the C<1lot 
'53; Iffld:.-.. 
that t lH· ,, . 

. nd oYPt' '" 

·t proiJ.,J,:., 
~w mile-'" · 
-t fractun· 1 
ut N. ;,· F.· 

),al •. : 
fiCCO lL:1 

t. l:'nlik.· · 
the X .. i 1·. 
respecriy,.J.I 
te sanw 1:· 

tothe\\l'·t. 
st, about 1 

). ThP J'·lf' 
a oft lw ,.,., 

mated h.' , · 
Hodg,otr, : 
t; loc:t!l.' r' 

Jrth-nort h" · 
are int••r I''' 
sly.t•· 
. intt ',. 
unental ,, · 
Rio (;r:rt >~· 

ttem1n ,:,, :. 

n.ng-P :11'P 1". 

t!l5:l\. b.: l . 
h ('\'itkt: , .. 
c, ~U!!';.!'th! ~ , 

rl Jan::•·!.' ' 
ssion. 
·d fr:l•'tnr• 

tos:t c,H\"P 
~trict. t·., 

~~.' el:Ly. t' ·· 

-\ ith W:lll'f, 

CENOZOIC STRUCTURAL FEATURES 51 

~ 
!\ 

150 poles; 
contour mterval 

4 percent 

0 4000 FEET 

EXPLANATION 
u 
0 

Fault 
U, upthrown aide, 

0, downtkrown £nde 

-6000-

Structure contour 
Drawn on base of Dak<>IA Sandst<me 

Jnui"'HJliOOfeet 

Anticline 
Slwwing trace of aria! plane 

Syncline 
Showing trace of axial plane 

Strike lines of high-angle joints 
Measured where lines tntersect or 

at center of single line 

FIGURE 16.-Map showing orientation of joints in Arch l\Iesa basin. 

!: •··ttrn•s formed at right angles to the direction of 
•, When the surface of the clay was kept dry, 

··:- uf shear fractures appeared; the obtuse angle 
d I'.' t hr intersecting fractures was greater than 
"·'! i1 was bisected along the direction of tension. 
; •r patterns are likewise predictable by theoreti

. •·•mingo. .Anderson {l!l42, p. 10, 11) related 
' ·t.qor types of faults-thrust, wrench (strike 

"'" normal-to three different orientations of 
·:m, minimum, and intermediate stress. From a 
,. ''"'al analysis of fracturing he concluded that 

• • • 1 tnn of greatest pressure bisects the acute angle 
··•· tnlt•t'>'ecting fault planes in any rock. If onlv 
f ' 111''<' planes is well developed, the direction ~f 

' · < t•n··•Hre will be oriented at some angle less than 
·' '>"• plant•. DeSitter {l!l56, p. 1:31) suggested 
\ · H··•>n's ann lysis can be applied to joints, includ-

"11 joints. According to DeSitter and other 
·. '•'ll•lon joints occupy the plane of the maximum 
·, 

1 "'••tliato stress directions and are normal to the 
·'·• -tn•ss directions. In addition, so-called re-

. • '<· ""!I joints may form at ri,.ht :m,.les to the max
, •• 

11
''·' <lin•ction after this st~ss is ;leased. Such 

joints form, however, because the stress directions have 
changed; that is, maximum compression has changed to 
minimum compression, or to tension. If, as supposed 
in the Laguna district, the active tectonic stress was 
tensional and the maximum compression acted only in 
response to this tension, then release-tension joints are 
not likely to form . 

In a simple stress system, therefore, three dominant 
sets of fractures may form: two shear joints (or faults) 
that intersect to form an acute angle bisected by the 
direction of maximum stress, and a tension joint that 
is parallel to the direction of maximum stress and bi
sects the acute angle between the two shear joints {or 
faults). The acute angle between the planes of shear 
failure may range from 0° to about 60°, dP.pending 
upon the stress ditl'erences (l\fuehlberger, l!l58). If so, 
a tension joint in the usual l<'rminology may in some 
places represent tt single plane of shear failure. I•'nr
ther, Hubbert {l!l!ll) pointt•d out that thet·e is a certain 
critical depth below which tensional stresses cannot oc
cur in a material of given strength; that is, tensional 
stress nt or twar the earth's surface becomes zero at the 
critical depth, and below this depth it is the minimum 
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compressional stress in the str~ss syst~m. Thus, trtll' 
tension joints may be relatively uneommon. 

In Jig-un' 17 tlw ''atious ~xptcssions of the fracture 
patterns in the distrit·t art' rclat~d to local str~ss~s that 
developed in response to regional east-w('st tectonic 
elongation. The joints labeled A. H, and 0 strike N. 
20° vV., due north, and N. 20° E., reS})('Ctively, and cor
respond to the similarly labeled joints on plate 4. .For 
simplicity, the Ac, He, and De joints arc not shown; 
they are thought to be unsystematic cross joints 
(Hodgson, 1961). 

BLOCK I 
Stronger rocks, 
shallow depth 

BLOCK 3 
All rocks, 

greater depth 

ORIENTATION OF LOCAL STRESS 

lntermedtate 
compresston 

~ Tens~o:xomum / c--0 compress•on 
Ma)(tmum 

I 
compresston 

Mmtmum 
~COmpress1on 

/ YJ'yl lntermedtate 
compress ton 

lntermedtate 

(m~::::n 
mpresston 

/ Maxtmum 
compresston 

Maxtmum 

*
co~~~::•,:n 

ompresston 

Intermediate 
/ compresston 

~'IGURE 17-Idealized diagrams showing interpreted relations of 
joints and faults to local stresses and regional east-west 
l'longation. .A, Joint patterns in rocks of varying strength 
aml tleptb. Letters tlesil,'lUltc joint setH. JJ, North-trending 
faults. a, Regional interpretation of btrcss field. 

I 
The fractm~ pattl'rn~ illustratoo in fig-ur1, 17 , 

h:we formed m sueccssn·e stagE's ns owrlnu·tl,.,. 
1 ('roded and confining pressure diminislu•tl. .\t 

1 
' 

! mum depth the eonfining pressure may haw n,..: 
1 the nutximmn permissible confining pressur1• f.,, . 
l sional rupture in the strong-est rocks (IIublwrt. ; 
I At high confining pressure the direction of tu:u," 

compression mig-ht be either Yertical or hnrizolll.•i . 
produce the I'l.'sper.tive joint sets shown in block~:! .,1 
figure 17A; which set formed would dept•tul 1 • 

whether east-west elongation was compensatl'cll,, ,·. 
tical or by north-south shortening. Evidently,;,,,: 
south shortening was dominant at a maximum ,}. , 
because A and C joints are present in both weak(·t ':.· 
stronger strata and inclinoo B joints are absl'nt fr 
the relatively strong strata (figs. 13, 14). 

At maximum depth, A and C joints (block ::. · 
17A.) probably formed by horizontal shear thron!!h· 
as o,·erburden wns removed, the role of gravity pro! •. 
increased and inclined B joints (block 2, fig. 17 A) for: 
by shear in the relatively weak strata. 

As more overburden was eroded, confining Jll1'" 

decreased further, and rupture under tension prolo:~' 
became possible in the strongest strata. At thi~ -::.:· 
inclined B joints may have continued to fonn hy >1,. 
in the weaker rocks, whereas vertical B joints fnrl'." 
by tension in the stronger rocks (block 1, fig. 17 \ 
As still more overburden was eroded, rupturl' nil I· 

tension became possible in progressively weakP.r r<> :. 
and vertical B joints might have formed more wid. 
However, as nil the rocks were previously jointt•d 
greattlr depth, the formation of tension joints in n• 
directions would be inhibittld. 

Normal faults (fig. 17B) might have formed at a• 
stage during the removal of overburden. They ~tn:. 
normal to the direction of elongation but prolo:~l· 
formed by shear under gravity. East-west elong-an 
may be compensated by downbending of the hnnJ!''·· 
wall (block 1) or by the formation of a graben (bloC'h ~ 

CENOZOIC TECTONIC HISTORY 

In the vicinity of the Rio Grande depression. ht"' 
Cretaceous and early Tertiary time was mnrkf'.d h~ ' 
cally intense folding and thrust faulting due to t'11 '. 

west compres;;;ion. Evidence of this deformation '• 
be seen in the Caballo (Kelley and Silver, 1952). 1 ... 
Pinos (Wilpolt and others, 1946), and Frn Cristolo· 
(.Jacobs, 1957) Ranges, all of which border the ~out h..r 
part of the Rio Grande depression, and in 11 

• 

Kacimiento ~fountains ('V001land ~orthrop, HJ.lti. 011 

Dane, 1948), about 50 miles northeast of the La!!'" 
district. In an om! ~ommunication to Kelley ( 1!!;,; •. i 
85), Richard Koogle reported that on the north ,., 
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: , ,. :-;,,,·rmienro uplift, vertical ro overturned strata 
, , , .•• ·o•nt· and older age arc unconfonnably overlain 

• .i• nf Eoc,ene age, which he called Wasatch 
, ... 11 ( I!Hk) proposed that the name Wasatch be 

, :,.1 to San ,Jose) that are tilted westward toward 
, , , 11 ,Juan Basin as much as 40°. If these strati

,. ,·nrn•lations and structural relations are correct, 
. Pl'"'·rde perhaps the best dating of early Tertiary 

,',,. 11 1on in the region. They show that dmm
>! of the eastern part of the San Juan Basin 

• , 1 !wt• in early Tertiary time, in part before and 
"t :tft('r San Jose deposition. 

•. I .a:runa district the early Tertiary or Laramide 
... tlton is expressed by the north-trending folds 
•. ~·.bt ~ide of the district and by the westward to 
• ml dip toward the San Juan Basin. These 

.,.., ,·annot be dated from evidence within the dis
,.,,.,•pt that they defonn the uppermost Cretaceous 

,•, .n.[ are truncated by the high basalt-capped pedi
. ( Pliocene or Pleistocene age. Tilting and fold

' ··•!! the San Ignacio fault~d monocline might have 
. · .• ! 111 e:lrly Tertiary time in response to east-west 

.,."ton: but it more likely oc~urred in response 
• 1 • wt••t t~nsion in later Tertiary time. The faulted 

• i11w i~ probably related at depth to a fault which 
· ''"''~' been active during the period of intense 

:! Ill the Rio Grande depression. 
·•ll!!h wme subsidence took place in the Rio 

'·· <!,•pression in early to middle Tertiary time, as 
•'·•l hy the stratigraphic record (Denny, 1940; 
· unl Sih·er, 1952; 'Stearns, 1953; Wilpolt and 
. l~llti), most subsidence took place in late Ter-

., •1nu•, when the Santa Fe Group was deposited. 
· '11!! to Bryan (1938, p. 205), these alluvial and 
'''"Ill deposits fonn the main body of sediments 

·l•·pn•s..;;ion from the north end of the San Luis 
· t 'olo .• southward at least to El Paso, Tex. On 

• · - of n'rtebrate fauna, the Santa Fe Group is 
·. '" l>t.• largely Pliocene in age. but it may in part 
.•I :t,. latt• ~liocene (Bryan and McCann, 193i: 

· i~•:IS: Denny, 1940) and us young as early 
• •·

1
·''· That. such a thick sequence of sediments 

····d to ~uch a long narrow belt is in itself strong
" .. f dt'lll"ssion contemporaneous with sedimen-

, .\' 'l10wn by Bryan and McCann ( 1!)37), Hunt 
· '' 77\, and Wt·ight (1946), thl'se events Wl're 

-1, :t··•·ompanied, and followl'd by much hi"'h-
• I 1 • ~ 

• "
1 11 '1: m the depression. They were m·identlv 

· ·I''' l'lit>t.'t'llt' or early Pleistocene time bv a sta•_;, 
" •v 'tahility, when the so-calll'd Orti~ erosi~n 
'· • " 1·' formed (Bryan and 2\IcCMm, was), nnd 

'l!·i;ft anddt•t>perosion. 
' ' 

1 
'" 111 '7.ni<· dt•formation in the l.Jaguna district 

was primarily jointing and faulting, which evidently 
accompanied late Tertiary tectonic activity in the Rio 
Grande depression. This relation is supported by the 
apparent restriction of the m1tjor fracture pattern to 
the east side of the Colorado Plateau, and by the absence 
of a detectable relation between fractures and folds 
except in the San Ignacio faulted monocline. Un
doubtedly, however, the large Rio Grande depression 
influenced the bordering areas in some way. If we 
assume that the depression reflects east-west elongation 
under crustal tension (DeSitt~r, 1956, p. 143, 235), 
the fracture pattern in the Laguna district can be inter
preted most easily in tenns of the tectonics of the 
depression . 

The fact that at least one north-trending fault cuts a 
basalt flow that eaps the Ortiz erosion surface suggests 
that east-west elongation continued after major tec
tonism in the Rio Grande depression ended . 

GEOMORPHOLOGY 

The Laguna district, which is characterized by mesa 
topography typical of the Colorado Plateau, reflects 
successive geologically recent periods of valley deepen
ing interspersed with periods of valley widening. The 
region has been carved to depths of as much as 1,500 
feet below an extensive erosion surface, and large 
volumes of material have been carried away. 

Two contrasting types of mesas are present in the 
district: mesas whose tops are basalt-capped relict pedi
ments, and mesns whose tops are formed by resistant 
sedimentary strata that have been stripped of less re
sistant overlying beds. The surface beneath the basalt 
slopes southward and truncates successively older Meso
zoic strata. Mesa Chivato, a broad area as much as 8,000 
feet in altitude, is a basalt-capped mesa that extends into 
the northwest corner of the district (fig. 1, GQ-207). 
Mount Taylor is at the south end of the mesa; sheet 
basalts cover the rest of the mesa and in places underlie 
the volcanic rocks of Mount Taylor. Where the mesa 
extends into the district, its top is formed by at least two 
basalt-capped pediments calll'd the l\Il'sa Chivato sur
face and -the lower 'Vheat 2\[ountain surface. The 
'Vheat l\Iountain surface is about 200-300 feet lower 
than the Mesa Chivato surface and underlies the small 
voleanic cone and associated flows that cap Frog and 
Cl:Ly Mesas (fig. 1, GQ-208). Mesa Gigante (fig. 1, 
GQ-212) is a stripped-surface mesa, as are most of the 
ml'sas and benches that. are lowl'r than Mesa Chivato. 
Such mesas or bl'nches are capped by resistant sedi
mentary rocks: the limestone of the Todilto Formation, 
the Bluff or Dakota Sandstones, or any of the seven 
higher sandstone strata of Cretaceous age. The over
lying shales and mudstones have been eroded, and the 
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graded surfaces or pediments that probably extf'nded 
over them have been destroyed. 

Several relict pediments are preSf'nt at lower levels 
around the base of Mesa Chivato, and one or two are 
present. near the Arroyo Colorado. Those around the 
base of Mesa Chivato range from 40 to more than 200 
feet above the lowest nearby drainage level and slope 
away from the high mesa at a grade of about 100 feet to 
the mile. Those south of Mesa Chin1to are coYered 
with coarse gravel composed of basalt. and porphyritic i 
igneous rock derived from Mount Taylor, whereas those i 
to the east are covered 'vith coarse gravel composed of ! 
basalt. derived from Mesa Chivato. Tsidu-,Veza j 

(Moench, 1V64a) rises about 200 feet above the sur- ! 
rounding terrain; it is part of ·the l\Iush Mesa surfac1:1 of ; 
Wright (1946, p. 449), several remnants of which are i 
present south of the district. Tsidu-,Veza is capped by i 
basalt. derived in part from a neck on the west end of the ! 
mesa. In the southeast corner of the district, a basalt- 1 

capped relict pediment is present about 100 feet above l 
the Arroyo Colorado valley floor (Moench, 1964a) ; it ; 
forms part of the so-called Suwanee surface of Wright i 
(1946, p. 449). i 

ORTIZ SURFACE 

Bryan and McCann (1938, p. 11) and, lat1:1r, Wright : 
(1946, p. 435-444) correlated the top of Mesa Chivato · 
with the so-called Ortiz surface that once extended over ' 
a large part of New Mexico in the vicinity of the Rio . 
Grande. This surface was graded to the ancestral Rio 
Grande, at a level about 500 feet above the present level : 
of the river. It truncates sediments of the Santa Fe · 
Group, which are largely of Pliocene age, and in many 1 

places is underlain by thick caliche deposits. From 
these relations Bryan and McCann (1938) inferred that 

1 

the surface marks a period of tectonic stability in the : 
Pleistocene. Because of uncertainties in the correlation, : 
the highest erosion surface under the basalts on Mesa i 
Chivato is called, in this report, the Mesa Chivato J 

surface. 
The )Iesa Chivato surface slopes southward at a grade : 

of about 80 feet per mile. The surface is irregular, ap- · 
parently owing largely to the intersection of resistant · 
sandstone beds with the surface. If extended south
ward a~ross the Rio San .ToSf', it would intersect Casa 
Blanca Meslt about 200 feet. below its top, and other 
higher mesas to the south at still lmYer levels. These 
relations indicate that the l\fesn Chimto surface prob
ably was graded to t.he ancestral Rio San .Jose at a level 
about fjiJ0-700 feet above ·the present river. This sur
face also could have extended over Mesa Gigante and 
over all otl1er mesas with stripped surfaces in the dis
trict. If we 1tssume that the ancestral Rio San .Jose was 

about 700 feet direct.ly above its preS('nt, po.,it j,,., , , 

5 miles south of l\fesa Gigante, n pedinwnt ri- 11,,. 

ward at 80 feet per mile from the river wo11J,j 'I 
o\·er the south end of the mesa. 

The Mesa Chivato surface, though extt•1":" , 

newr completely pedimented. Cretaceous N'tlil\,, 

rocks are exposed in the ]\fount Taylor amphitl:. . , 
an altitudl' of about 9,100 feet-moi'l' than 1::" 
aboYe the highest part of the Mesa Chivato , 111 f, . 
the Laguna district. 31f2 miles farthl'r l'a-t 
means that Cretaceous strata were expoSt•d 1:, 
butt1:1s, or mesas that rose at least a thousand {,•,·: ... 
the l\Iesa Chivato surface. 

The Wheat ~fountain surface slopes southward , 
was probably graded to the Rio San JOSf' at a lt•H·l ·•'• 
400-500 fel't aboYe the preS{lnt riYer in the :n"l'a II•· 

Laguna. This surface was not as extensin• "' 
;\Iesa ChiYato surface and c.ould not hare extendt·d, 
CasaBlanca l\Iesa, south of the river. 

GEOMORPHIC IDSTORY 

.After block faulting and accumulation and dPfo:: 

tion of the Sant:t Fe strata, the Ortiz surface ""' 
across the defonned strata, and was extended far ht·.l 
the limits of the Rio Grande depression. Subst'qut·J 
the base leYel of the major controlling drainagp. ''"' l 
Grande, was ra piclly lowered in S{lveral success in>·'',,_. 
Each drop in base level initiated a stage of canyon 
ting and of broa.dening of the resulting canyons hy ]"' 
mentation. Each stage left a terrace that wa,; !'·'' 
or completely destroyed by the following stagt>. 1:• 
pediments sunived in places, particularly wlwn• 1: 

were protected by a bas..'tlt cap. Some mesas fon: 
as less resistant materials were stripped to expo;;t> n·- · 
ant strata. .At present the region is probably in a dor. 
cutting stage, becauS{l most of the drainng<" 
entrenched. It is not known whether the most n••' 
entrenchments reflect uplift, climate change, OJ' ot 1 

factors. 
If Bryan and )fcCann ( 1938) and Wright ( l!il• 

were correct in correlating the top of l\Iesn Chi,·ato ": 
the Ortiz surface, the fact that the Ortiz surfaee i• J, 
Pliocene or Pleistocene in age indicates that erosio11 '· 
been rapid since that time- Not only is this surf' · 
incised to a depth of as much as 1,500 feet., but ""'' 
valleys have been formed. A great volume of matt•L · 
has been removed. 

URANIUM DEPOSITS 

Tho discAJvery of the Haystack Butte deposit. ,w.-1 '· 
Grants, N. )fex., in 1950 by Paddy l\fart.inez, a :\a':' 
Indian pr'o~pector, stimulated intensive prospPd 11 ; 

along the south margin of the San ,Juan Basin (Mi•lat. 
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: ,.;,q, Two large uranium districts-the Am
' J.•k•· district, north of Grants, and the Laguna 
, 1pl. ;, )-were developed; reserves total more 
•• 111 illion tons of uranium ore. Several multi

·. ro 11 tleposits were found in sandstone of the 
~·n Formation in both districts. The Jackpil~ 

• , 11 the Laguna district, was the first and largest 
·"' futmd on the southern margin of the San ,Juan 

., ,·ontained many millions of tons of ore. Many 
.. "•·rt• found in the limestone of the Todilto For
. tltt• largest containing about half a million ton~ 

.\ ft•w small deposits, each containing less than 
, , '""'of ore, were found in the Entrada Sandstone. 

. ,j,.,..o,·ery of the Jackpile deposit in 1951 by the 
... u•h Co. est.-tblished the Laguna area as a mining 

For several years, production from a single! 
,. tht> .Jackpile mine) in this district exceeded the! 

·.-I p·oduction from all other uranium mines in! 
I llltt-<1 States. The Saint Anthony Uranium 
.t: .. ·ol·ered the relatively small :\I-6 ore body in 

Hul hegan development late in 1956. Stripping 
, :••lh on Anaconda's Paguate deposit, which com-

• "'' h the J ackpile deposit in areal extent, were 
ill Hl61. 

·· nmnium deposits of the Laguna district are in 
• H..;tratigraphicsequences: (1) sandstone strata 

•· .\lnnison Formation, and (2) the limestone of 
I ·•ldto Formation and· uppermost unit of the En
' ':uulstone. These two sequences are separated 

· ·· lr.trl't'n Summerville and Bluff Formations-an 
· d nf about 400 feet. Except a few small deposits 
·· !lakota Sandstone near Grants and Gallup (pl. 
·• •1ranium deposits have been found in the Cre-

. ' · •••· pre-Jurassic rocks in the southern San Juan 
···II llt•lt. liost deposits in the clastic sediments 
·•",<Halmlar and are similar in many respects to 

·· "''!><>Sits elsewhere on the Colorado Plateau. 
•.o:lt •lt>posits in the limestone are more stringlike 
'' · ~·· m form, they are closely associated with the 
'·lllar deposits in the Entrada Sandstone. Two 

' "' •lt·posits in the J·ackpile sandstone have been 
... I! th~· district, but many more probably exist. 

· • •ar:mmm d!'posits of the Lagumt district differ 
'•' anoth!'r by details of their;-composition form 

. ' ' ' rlfll!mphic and structural relations but their 
'' '""' ~nggest that they belong to the' same class 
L! " ··ommon origin. Their salient characteristics 

.· ·.r ' 11 m·igin early in the postdepositional history 
·• .... rocks. · 

tn·r 
. ' HERtq SAN JUAN BASIN MINERAL BELT ., " ·!~,.. 't . 

"'1 sIll the Laguna district form the east end 
~ ""•llhern San Juan Basin mineral belt (Hilpert 

and Moench, 1960). This belt of uranium deposits is 
at least 85 miles long and 20 miles wide and trends east
southeast from Gallup to the Lagun:t district (pl. 5), 
where it apparently swings east-northeastward. Al
though its origin is not known, the be}t parallels several 
controlling and definitive geologic features. Hilpert 
and Moench ( 1960, p. 462) stated: 

In addition to the Juras3ic highland and the southern limits of 
the Todilto limestone and the Morrison formation, it parallels 
the easterly trend of the major Jurassic folds, the dominant 
orientation of the intraformational folds in the Todilto lime
stone, the elongation of the thicke&t parts of the host sandstones 
of the i\Iorrison formation, the dominant known sedimentary 
trends within these host sandstones, and finally, it parallels 
the individual belts of deposits • • •. 

This statement applies to the whole mineral belt and 
summarizes the chief relationships in the Laguna dis
trict. The areal distribution of deposits in the district 
is shown on plate 3. 

The south margin of the mineral belt is gradational 
but well defined in the Laguna district. The south side 
of the Jackpile sandstone, the major host rock in the 
district, is unconformably truncated. Farther south 
only a few small deposits are present in stratigraph
ically lower sandstone beds of the Morrison Formation, 
in the limestone of the Todilto Formation and in the 
Entrada Sandstone. No deposits are known either in 
the pre-Jurassic rocks in the southern part of the dis
trict or in the Jurassic rocks of the so-called Jurassic 
overlap (Silver, 1948) south of the district. 

The north margin of the belt is less well defined, 
because in much of this part of the area the favorable 
host rocks are at too great a depth for detailed drilling 
or for mining under present economic conditions . 
Widespread drilling by the Anaconda Co. indicated 
that the Jackpile sandstone extends only a few miles 
northwest of the Jackpile mine. Uranium deposits 
may be present, however, to the northwest in strati
graphically lower rocks. A few small deposits have 
been found in the J ackpile sandstone in the northeast 
corner of the district (pl. 3), but to our knowledge 
none have been found in the area farther north, which 
has been prospected to some !'::I.-tent. 

The mineral belt coincides with sedimentttry and 
structural features of Jurassic a:,re. In the Laguna dis
trid these features trend east or northeast (pl. 3), in 
contrast with the east-southeast trend of thl' mineral 
belt and its controlling features in the Ambrosia Lake 
district (Hilpert and Moench, 1960). The largest 
deposits in the Laguna district form the east-northeast
ward-trending Paguate-Saint. Anthony group of de
posits, which is in the central and thickest part of the 
Jackpile sandstone (pl. 3). The northeastward trend 
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of tho .Tnckpile sandstone body is lnrg<-ly controlled by 
a large .Turassic ~yneline; sediml'ntary structural fea
tures within the unit. p:mdlcl tlw long dimension of the 
syncline. The many small deposits at. the S:Uldy mine 
:md the seveml small deposits n short distance to the 
south similal'ly f01111 two east- to northeast-trending 
gl'Oups that are contt·olled by Jurassic folds. 

There is, howen•r, little relation hetwel'n the mineral 
belt and Cenozoic igneous rocks or structural featun>s. 
The belt is nearly normal to the trends of the Luce.l'O 
and Naeimiento uplifts, the San Ignacio faulted mono
cline, the Rio Grande depression, and the l\IrCartys 
syncline (pl. 5). The mineral belt is also nea.rly nor
mal to the belt of volc:tnic centers that extends north
enst from near l\Iount. Taylor. Most faults between 
Gallup and the Rio Grande depression trend north or 
northeast, and the. dominant joint system in the Laguna 
district consists of three sets of joints that trend north
northwest. to northeast. Howe,·er, the Zuni uplift, 
south of the mineral belt, is elongate about parallel to 
the mineral belt. This uplift, conforms approximately 
to the lines of pinchout of the Todilto and Morrison 
Formations and was a structurally positive area dur
ing much of its pre-Cretaceous hiwry. The mineral 
belt also follows the south margin of the San Juan 
Basin, which probably attained its present configuration 
in early Tertiary time. 

CONTRASTING HOST-ROCK CHARACTERISTICS 

The upper unit of the Entrada Sandstone, the 
Todilto limestone, and sandstones of the Morrison For
mation have few characteristics in common, and they 
represe~t widely contrasting environments of deposi
tion. The upper unit of the Entrada Sandstone is a 
widespread tabular unit of clean well-sorted sandstone 
and, in part, represents eolian deposition; the Todilto 
limestone is largely an extensive chemical precipitate; 
the sandstones of the Morrison Formation, especially 
the .Tackpile, are lenticular arkosic fluvial deposits. 
Fragmental plant remains are abundant in the Morri
son Formation but absent from the Entrada; the 
Todilto contains unidentified organic material (it has a 
fetid odor when broken). Relict volcanic ash may 
account for much of the mudstone of the Morrison 
Formation; hut except for sparse books of biotite 
(Weeks and Truesdell, 1958), little if any volcanic 
material is present in the Entrada and Todilto Forma
tions. The upper part. of both the ,Jackpile and the 
Entrada is composed of nearly white altered rock; 
though the type of alteration products differs, both 
alterations probably took place shortly after the depo
sition of the respective rocks. 

The three host. rocks differ g-reatly with 11.,1• 
transmissivity, which Jobin (1962, p. 6) definrd •· 
product of the mean permeability and total thil'k1> •. 
tho transmitting medium. In this report., "tra11, 1. 

,·ity" is used only qu:tlitat.ively. The limestom·, 1 
Todi!to Formation is probably nearly impermea!.;: . 
cept along fractures. As most. fractures in tlu. 
formed in Jatt, Tertiary :md Quaternary tilllt', tlu· 1 
transmissivity of the limestone was probably ](lll. 

though intraformational folds and assooiated Jll'll" 

temporaneous fractures may have provided local,,, 
nels of relatiwly greater permeability. The J•:m:. 
Sandstone, in contrast, is a widespread thick slu~-· 
permeable sandstone deposit and is one of the r:, 

transmissiw units in the n>gion. Snperficiall~, 
.Tackpile sandstone seems to be a highly t.ransmi-. 
unit: it is friable, locally very thick, and, on th(• I . J 
of the amount of water that has to be pumped fron, • 
Saint Anthony mine, fairly permeable; it is, ho,,,.,, 
o£ limited areal extent (pl. 3). It is overlain\,, · 
Dakota Sandstone and underlain by the relative!; 
permeable mudstone of the Brushy Basin Member ;>I· 
Morrison. Prior to recent erosion the Jackpilt' ,, 
stone may ha\'e been a lens of sandstone that was fa· 
well sealed on all sides, except possibly on its not1 !,. 
end. The owrlying Dakota Sandstone is not a :.'·• 
aquifer in the region (Dinwiddie, 1963, p. 217) ,, 
probably has only a small degree of lateral transmi·.· 
ity; the abundance of bhtck shale at or near it, !.. 
would inhibit the exchange of water between thr \· 
kota and the Jackpile. After truncation and Inn 
beneath the Dakota, the Jackpile sandstone pro!.:.· 
had very low regional transmissivity, compared to· 
Entrada or Bluff Sandstones. 

Though detailed comparisons between the host 1'\> • 

and all the barren stratigraphic units in the rl'l!· · 
would be voluminous, a few characteristics should ·· 
mentioned. Like the sandstones of the Morrison F• · 
mation, the sandstones of Cretaceous age cont:tin alo 
dant plant remains which ttre largely coalified: pl · 
remains in the J ~ckpile sandstone, however, are nw-· 
silicified, and are coalified only locally. The smHh-tn• · 
of the Recapture, ·westwater Canyon, and Brushy Jl,l· 
::\femberH of the Morrison contain so-called "h·:t.~h I"'· 
et:;" of coalified plant debris and associated manium '· 
posits, but they contain silicified plant remain~ al· 
The Cretaceous sandstones are light tan or nearly" h:• 
like the .Tackpile sandstone, but they are largely 111illt'1 

· 

cemented and are not much altered. Continental ,j. 

posits of Triassic age such as the Correo S:uul-W 
Member of the Chinle contain abundant silicifi1•d I•·:· 
hut this unit is various shades of red and shown °1

' 

local effects of alteration. The Bluff Sandstone 111 
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, .. rvillo Formation show effects of alteration, but 
,,.. notably devoid of organic remains. 

COMPOSITION OF THE ORES 

,.t.ht ion to the minerals of the host rocks, the 
.rll ,(t•posits of the district contain uranium, 

, , ·1u1, ami sulfide minerals plus variable amounts 
, ... ma•·t~ous matter. In the unoxidized deposits the 

, 1ll minerals are uraninite and coffinite. In de-
, u the 1forrison Formation the<>e minerals are 

,,,.Jr mixed with black carbonaceous matter, 
tdi~ ~rain interstices· and markedly darkens the 

.. no·. In deposits in the Entrada Sandstone and 
• ., Formation, carbonaceous matter is sparse; 
.. l•' :UJd coffinite fill interstices of the sandstone 

,.,. di,tributed along laminae and grain boundaries 
lwll'l'tone. Uraninite and coffinite are typically 

. :;··1.' finely di1·ided and are generally identifiable 
.,, X-my. Coffinite that is sufficiently c.oarse to be 

!1o••l optically has been found only in a vug in the 
"'~'""' •leposit (:Moench, 1962b) and in mineralized 

n tl11' .Jackpile deposit. Vanadium is contained 
• , 111 mixed-layer mica-montmorillonite and chlo

,dwh are collectively termed "1·anadium clay.'' 
, 111:\terial is generally vermicular and fills pore 

• • • 111 the vanadium-rich ores. Pyrite, the dominant 
i.· mineral, is disseminated through all unoxidized 

· · : '· The Woodrow deposit contains abundant 
• •·lll' and trace amounts of galena, wurtzite, co

.,., and chalcopyrite. Barite has been found in 
·' .!.·posits studied. Where oxidized, the deposits 

• 11 '' l!t'E'at variety of high-valent uranium and 
•·hm minerals that unquestionably formed by oxi
, of low-valent uranium and ntnadium minerals 
' rl.' l't'<'ent times. As they lun-e little bearing on 
r :!ill :~nd localization of the deposits, the high
. •m•nn1m and vanadium minemls are discussed 
r .• •tly in this report. 

1 f,.w on• spocimens cont:tin as much as 20 percent 
·"'· bm not many contain more than 1 percent 
"" o1· Yanadium; most ores average about 0.2 per

:' •n:urn and still less v:madium. Ore containing 
·•· .,, ll.t)-1, pt>reent uranium has bePn shipped from 

'• kpilt• mine. Unlike most. oth('r kinds of ore 
"·' '· t h••n, typical uranium ore does not differ 
' • 111 hulk composition from the host sandstone. 

•' ·.-.rm-< "ot'C" and "barren rock" art' used in a loose 
~ ., thi-; l't'J)Ort, "Ore" is conwni('ntly used svn

"1.1 with ''uranium deposit" and nwans r~·k 
• .th ''"~"l.'pt.ions, contains in t'xee:>s of 0.1 percent 
·"L Sinee uranium is probablv dt>tectable in YN'V 

\'l'\111 iti''" in all rocks of the area, no rock is 
·.' 1 '~r1''1t of uranium. "Barren rock" is 1tll rock 

' ' not nh,·iou,;ly mineralized. 

HOST·ROCK MINERALOGY 

The most obvious mineralogic difference between the 
main host rocks is the amount of c:tlcite pre~ent. The 
.Jackpile sandstone is largely clay-cemented quartz 
sandstone in its upper part and quartz- and calcite
cemented subarkor,e in its lower part. Calcite is largely 
confined to the lowermost part of the unit, and there it 
forms sparse "sand crystals." 'Where studied, the Jack
pile and 'Vindwhip deposits are above the carbonate 
zone. Of 10 samples from the .Jackpile mine that were 
analyzed for total, organic, and mineral carbon, only 2 
had detectable amounts of mineral carbon-0.69 percent 
( 5.7 weight percent Ca.CO·) and 0.06 percent ( 0.5 weight 
percent CaC03 ), respectively. Quartz overgrowths and 
kaolinite are present in both ore and host rock. 

The Entrada Sandstone is, in contrast, largely calcite
cemented. ~Iineml-carbon determinations of rock from 
below and above the Pit I deposit in the Sandy mine 
showed 2.81 percent (23.4 weight percent CaCO•) and 
2.99 percent (25.0 weight percent CaCO•), respectively; 
these determinations compare, respectively, with 27 and 
28 volume percent calcite, determined by modal analysis 
(table 5). Clay is not as abundant in this rock as in 
the .Jackpile sandstone, and most clay is mixed-layer 
mica-montmorillonite and some chlorite; no kaolinite 
was found ( J. C. Hathaway, analyst). 

Todilto limestone is largely carbonate rock that has 
fine-grained detrital quartz, feldspar, and clay minerals 
distributed along bedding planes. 

Typical mineralized and unmineralized speeimens of 
Jackpile sandstone are similar with respect to clay 
mineralogy; differences appear to be related to varia
tions in sand content and to be unrelated to ore. Table 
4 summarizes these relationships. In samples 1-4, each 
of which contains more than SO percent sand and less 
than 10 percent silt and clay, kaolinite is the dominant 
clay mint'ral. In samples 5 and 6, which are finer 
grained than samples 1-4 and contain about 75 percent 
sand and more than 10 pet·cent each of silt and clay, 
mixed-layPred miea-montmorillonite is the dominant 
clay mineral. Chlorite is in only two of the mineralized 
samples listed in table 4. Coffinite, probably mixed 
with carbonaceous matt~r, is abundant in one sample. 
Viewed in thin sl'Ctions, k:LOlinile forms aggreg:ttes of 
booklets that fill the interstices between four or five sand 
grains. The booklets are randomly oriented and mnge 
from :tlmost submicroscopic to silt size. '\Vlmt is Jn·ob
nbly mixed-layered mica-montmorillonite generally 
occurs as flakes wmpped around sand grains and ttp· 
pe:u-s to bo more homogeneously distributed but less 
abundant than the kaolinite. 
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TABLE 4.-Mechanical analysis and mineralogy of six samples 
from the J ackpile mille 

(Snmplc: U, unmtn('mlir('d; ,V, W('Skly mln('ralizcd; !\I, mint'mliwd. Tr., trnce. 
An•Jysts: J. C. Ilathawny, II. C. Starkey, and G. W. Chloe} 

sample ..................................... ,! U jz w jaM I• M js u 16M 
Distribution, in percent, by particle size-, in mferona 

Sand(>62) ................................. 81.5 &.>.3 84.4, 88.1 75.6 75.1 

~l!i~~k::::::::::::::::::::::::::::::::: g:g 1~t ~=~ u :g:g g:~ 
----1--

TotaL............................... 98.5 100. S 98.1 199.7 99.1 99.6 

Clay-fl'&etion mineralogy, estimated amounts in PWt& per 10 

Kaolinite .. __ . ____ . ________________ ----- ____ 3 5 5 0 2 
Montmorillomte (with some mica} _________ 2 2 0 0 0 
Mt"tcd-laycr mira-montmorillonite .... ------ 0 0 2 6 3 
Chlorite .. ---------------------------------- 0 0 Tr. 0 2 
Quartz ___ ---------------------------------- 4 2 1 3 2 
Co!llnlte .................................... 0 0 0 0 0 

l\Iodes of specimens of the Entrada Sandstone ·taken 
across the Pit I deposit of the Sandy mine are shown in 
table 5. The analyses were made by the point-count 
method, about 500 points per thin section. The barren 
sandstone above (OS-1g) and below (OS-1a, 1b) the 
deposit has a remarkably uniform composition. Un
mineralized sandstone between the ore layers ( Os-1d) is 
similar in composition but contains slightly less sand 
and silt, slightly more calcite, and no silica cement. 
Calcite in this rock (Os-ld) occurs in poikilitic crystals 
a·bout half an inch in diameter that corrode the detrital 
grains, whereas calcite in rock above and below the 
deposit is in much smaller grains. Within the deposit 
the abundance of calcite decreases as the abundance of 
vanadium clay increases. In the upper ore layer, 
detrital sand and silt particles are less abundant than in 
unmineralized sandstone. The ordinary (Omega) re
fractive index of calcite in all specimens in table 6 is 
1.659 (for sodium light at 25°C), which is about equal 
to that of pure calcite. 

The clay-size fraction of unmineralized Entrada 
Sandstone contains about 60 percent mixed-layer mica
montmorillonite (about 1 : 1), 20 percent chlorite, and 

10 percent each of montmorillonite and calcit~.' (d. 
termined by mechanical and X-ray analyses by ,T. r 
Hathaway). The clay-size fraction of ore has a >ii: 
ilar mineralo~ic composition, except that the mix1,; 

layer mica-montmorillonite contu.ins proportionat(•;, 
more mica. 

MINERALS OF t!NOXIDIZED URANIUM DEPOSITs 

X-ray anal:vses show that coffinite is gener:~lly tl. 
dominant low-valent uranium mineral in the OI'l's oft', 
Jackpile sandstont> (including the ·woodrow depogit '· 
and that uraninite is also present. Both coffinit<> :u. 
umninite are abundant in the Pit I deposit, in rl 
Entrada Sandstone. at the Sandy mine, whereas 'ura:. 

inite is probably dominant in deposits in limeston~ ... 
the Todilto Formation. The Crackpot deposit, in lin:, 
stone, was alread:r mined out when this project starl•" 
in 1955, and adequate material for X-ray study '', 
not available: ho,>ever, Gabelman (1956, p. 339) n· 
ported the occurence of pitchblende in the Crnekl"' 
mine. Numerous X-ray determinations that han' l>t,·: 
made on ores from limestone in the .Ambrosia Lakl' •h· 
trict (Laverty and Gross, 1956, p. 200; Alice F. Cott·l 
oral commun., 195i) clearly indicate that uraninitf' · 
the dominant low-nlent uranium mineral in that :m·. 
but coffinite has been reported (Weeks and True.-d<·: 
1958; Truesdell and Weeks, 1959). 

~fost specimens of uraniferous carbonaceous mat: .. · 
from the ,Jackpile mine give X-ray powder pattel11' f ... 
coffinite, but many specimens show faint uraninit<> liu• 
as well, and in some specimens uraninite appears to J, 
dominant; still others do not give identifiable pattl'rn· 
The sharpest coffinite patterns were obtained fn•• 
analysis of a coalified twig that shows woody stru<'tur• 
and of specimens of the carbonaceous matter that in. 
pregnates sandstone, surrounds mud galls, and lines tl 
ring fault of the sandstone pipe. Some spe<·inH" 
from the ring fault and the sandstone impregnuti•>~· 
however, give only uraninite patterns. The collirn'• 

TABLE 5.-Modes, in percent, of a sequence of specimens taken across the Pit I deposit, Sandy mine 

Sample DeserlpUon 
(08-) 
---
lg 
lf 
lc 
ld 
1c1 
lc2 
1b 
1a 

Unmineralized sandstone, 1ft above ore ______________________ 
High-grade ore, top of ore layer above roll ____________________ 
Low-grade ore, near bottom of ore layer above rolL ____________ 
Unmincralized sandstone, between ore layers __________________ 
Low-grade oxidized ore, center of ore layer below roll._---.----
Vanadium-clay-rich zone, in 08-lcl _________________________ 
Unmineralized sandstone, 2 in. below ore •• -------------------
Unmineralizcd sandstone, 1}~ ft below ore.--------~------------

I Iron oxide. 
• Uraninite and coffinite. 
a Mostly iron oxide. 

Sand and Colorless 
sUt clay 

---
63 7 
49 0 
50 0 
62 6 
66 17 
65 0 
64 6 
64 8 

Calcite Silica Opaque Van•! 
cement cement cement r!•' 

------- -
28 1 I 1 
19 1 ' 1 
21 0 '2 
32 0 0 

9 5 s 3 
0 0 3 3 

29 1 0 
27 1 0 

. . 
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~ 1n· ··haracteristically sharp. whereas the uranite 

.., 11,, diiTnse; both may be present in a single film. 
, ,.!.lllion, the clay fraction of a sample of typical 
• . .:r.t<IP gmy ore gave an X-ray powder pattern for 
, ,,. (.1. C. Hathaway, analyst). The sample con-

' <•I ; •. l percent clay, of which about 3 parts in 10 
• "~ collinite. 

1::i.oul-(h the Windwhip deposit shows more visible 
,-.,(oxidation than the .Jackpile, it contains coffinite 
"""''' and Smith, 1955), which probably accounts 

, ..... , uf the low-valent uranium in the deposit. 
, ~!inott•, probably the .dominant uranium mineral 
· ,. Woodrow deposit, is typically very fine grained 
1 ·' ,,,,oeiated with carbonaceous material that im
. ;:1::1ttos and replaces sandstone. It has been found in 

·,.r- in a fossil bone fragment and in massive ma
d 1 hat is also veined by pyrite and marcasite; it 

, . .: ... , been found in a vug (Moench, 1962b). Uran
.•. from a drill core was identified by T. W. Stern 

''-''•'n l'ommun., 1959). 
\ r:1y patterns reveal both coffinite and uraninite in 

,. l'or I deposit, Sandy mine, but one or the other 
··-l"minates in different samples. Hard black Ius
"' material that adheres tightly to sand grains con-

' ·. · uraninite; black material that fills interstices con
' · · al.undant coffinite and a trace of uraninite; and 
•··lprrked material from the center of pyrite-rimmed 
• n·ttons contain uraninite. The sand fraction (i3 

• '"'nt of the rock) of a sample of high-grade ore 
··'do•d ll'ss than 1 part in 10 coffinite: the silt fraction 
• !"'~'<'l'llt of the rock) yielded about 2 parts in 10 
': :r.•: and the clay fraction (9 percent of the rock) 
· .. 1"1 :l parts in 10 coffinite ( J. C. Hathaway, analyst). 
I •• \·anadium content of the unoxidized ores is at 

· "' pat1ly attributable to vanadium clay, :t fine
: ' :"'" mixture of vanadium-bearing mica (probably 

·• ••·lut>), montmorillonite, and chlorite. Other Iow
···r \·anadium minerals, such as montroseite and hag
'· 11 "lY he present. in small quantities. 
\ 111 ·t•lium clay is abundant in the weakly oxidizt>d 
1 nnoxidized ore in the Entrada Sandstone at the 

'' ·I.\ mine. As seen microscopicallY, the vanadium 
" 1~ vermicular, clove brown to ·greenish brown, 
'.tly plroehroic, and moderately birefringent. Its 
· "''lltmte beta-gamma index of refraction is 1.6:1, 

' 
1 :t, specific gravity is a·bout 2.8-::?.9 (suspends in 

, ',.,fnrrn). A quantitative spectrographic analysis 
.. ,,.. ><'parate revealed 8.6 pei·cent nnadium, and a 

~- rr:utt itative analysis of the same separate revealed 
·.,ro·,·nt aluminum, 7 percent potassium,;~ percent iron, 

•• '"'~"~'••r~t. magnesium, 1.5 percent calcium, and 7 per
. , 

11 r'11llllm, plus minor elements (Nancy M. Conklin, 
'· '·~'1 

). The calcium and uranium are probably con
tlt-Gss ~tl----..6 

tained in calcite and uraninite impurities. Fairly pure 
vanadium clay from the Sandy mine contains about 80 
percent mica (probably roscoelite), with some inter
stratified montmorillonite layers, and about 20 per
cent chlorite (J. C. Hathaway, analyst, by X-ray 
diffraction). 

Vanadium clay seems to be widely distributed, for 
optically similar material from several other deposits 
in the Sandy mine area and from the Crackpot, Chavez, 
and Jackpile deposits gives similar X-ray diffraction 
patterns. Strongly mineralized silicified Jogs in the 
Jackpile deposit contain veinlets of micaceous material 
that gives a roscoelite X-ray powder pattern. This 
material is darker brown than the vanadium clay in 
other deposits, but its other optical properties, X-ray 
pattern, and form are similar; semiquantitative spectro
graphic analysis rev.ealed 7 percent vanadium, 7 percent 
aluminum, 3 percent iron, 7 percent potassium, 1.5 
percent uranium, and other minor elements; spectro
graphic analysis of handpicked vanadium clay :from the 
Crackpot mine revealed 7 percent vanadium, 3 percent 
aluminum, 3 percent iron, 1.5 percent magnesium, 1.5 
percent calcium, j percent potassium, and other minor 
elements (Nancy :u. Conklin, analyst). 

Vanadium clays from other parts of the Colorado 
Plateau are similar to those described here and were 
studied in detail by Foster (1959) and by Hathaway 
(1959). These studies suggested that the vanadium in 
the vanadium clays in the Laguna district and other 
parts of the plat~au is in both trivalent and tetravalent 
states. It is undoubtedly a part of the mica and clay 
molecular structure, not a superficial impregnation o:f 
clay by vanadium. 

Sulfide minerals are present in all the unoxidized 
deposits, but the Woodrow deposit contains by far the 
most. Pyrite appears to be the most abundant sulfide 
mineral; marcasite is locally abundant, especially in the 
'Voodrow deposit. Tmce amounts of galena have been 
found in the Jackpile and Woodrow deposits and in the 
Pit I deposit at the Sandy mine. Chalcopyrite is com
monly associated with coffinite in the Woodrow deposit, 
and a trace amount has been found in the Pit I deposit. 

Wurtzite (ZnS) was tentatively identified in a 
polished thin sedion of 'Voodrow ore. Viewed in re
flected light. the wurt.zit.c ( ?) is gray, with deep intema.l 
reflections, similar to sphalerite; in transmitted 
light it is deep amber and giv!IS a uniaxial positive inter
ference figure . 

Covellite (CuS) was found in the Woodrow deposit, 
where it appears to be an alteration product of 
chn.loopyrite . 

Cobaltite ( CoAsS) is associated with pyrite in two 
polished sootions of Woodrow ore. It has chemical and 
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physic:tl properties consistl'nt with those listed by Short 
( 1!HO, p. 166). Both specimens cont.'lin :u'S{'nic, cobalt, 
and nickel (t.able 12, sampli'S 1, 13). In sample 1, co
balt. and arsenic are in npproximately the correct pro
portions for oobal'tite. 

In milling the Jackpile ore, only a small amount of 
oxidizing agent (Mn02) is used and that is used mainly 
to counter the redueing elfect of carbonaceous material 
and •the metallic iron (Argall, 1956, p. 48) picked up 
during grinding. The fact that sueh a small amount of 
oxidizing agent is needed plus the fact that the uranium 
is nearly 100 percent soluble in the sulfuric acid leach 
solution used has led metallurgists to belieYe that 
coffinite is not a major constituent of the ores (Dale 
l\hbthews, metallurgist for the Anaconda Co., oral com
mun., 195i). The X-ray data show clearly that cof
finite is a major constituent, however, though solubility 
of the coffinite is an unsoh·ed problem. 

OXIDATION PRODUCTS 

Most uranium deposits in the Laguna district are 
oxidized to some extent, and some show pervasive 
effects of oxidation. Because detailed studies of the 
oxidation of uranium deposits have been made in other 
parts of the Colorado Plateau (Weeks and others, 1959; 
Garrels and Christ, 1959; Garrels and Pommer, 1959; 
and Garrels and others, 1959), only general descriptions 
are presented here. 

Hexavalent-uranium minerals observed by us in the 
Woodrow mine, mainly above the 100-foot level (above 
water table), were sulfates, silicates, and phosphates. 
Zippeite [2UOa·SOa·5H20] or zippeitelike minerals 
seem to be the most abundant oxidation product in 
the typical high-grade Woodrow ore; uranopilite 
[(UO.)s(SO.) (OH)w·12H20] has been identified. 
Meta-autunite [Ca(U02 ) 2 (P04 }.-2lf2--6lf2H20] en
crusts fractures and partings in a bone fragment. Cu
prosklodowskite [Cu(U02}.(Si03 ) 2 (0H).-5H20] oc
curs in parts of the deposit that are relatively rich in 
copper. Several other minerals were listed by Wylie 
(1963, p. 180). 

In the J ackpile mine, oxidation products are most 
abundant in the south pit. Here, tyuyamunite 
[Ca(U02 ) 2 (V0.).-7-10.5H20] and metatyuyamunite 
[Ca(U02 ).(V0.).-5H20] form small concretionary 
masses near the west edge of the deposit and small tab
ular deposits a few feet below the main ore body. The 
tabular layers may represent downward leaching of 
uranium and vanadium from the main deposit and rede
position on the mudstone beds. Tyuyamunite is also 
disseminated in partly oxidized ore and is present on 
fraetures in silicified logs, mudstone, and diabase. This 
mineral reflects the availability of some vanadium dur-

ing oxidation. The phosphates autunite [Ca(ro . 
(P0,),·10-12H,OJ nnd phosphurnnylite [Cn(I'<( 
(PO,),(OH) • ·7H,O] have been found in silicifi~>d h:· 
.\utunite also hns bren found on fractures in m11,!,1,;,., 
and diabase, where it indic:ttes the presence of pbo. 
phates, probably mostly apatite, in these rocks h;·f,,.. 
oxidation. Ur:mophane [Ca(OU2 ).(Si03 ) 2 (0111 
5H,O] is locally abundant in longitudinal joints in t!~• 
chill borders of diabase sills. 
. The only oxidation products of uranium and 1 • 

nadium found in <the Sandy mine are canwt:•, 
[K,(UO.).(V0,),·3H.O], tyuyamunite, and ml'tat 1 -. 

y:ununite; in the Chavez mine, carnotite; and i11 ; ... 

Crackpot mine, tyuyamunite, which is associated 11rt 
a small amount. of fluorescent opal. In the linH'-'l<•'·• 
these minerals are distributed mainly along joint~. J, : 
in the more permeable sandstones they are dis.'<'ll; 
nated in the host rock also. 

URANIUl\1 AND VANADIUM CONTENT 

Mill records prodde the most representative dnt:J ,,. 
the uranium and ,-anadium contents of the ores t tal:, 
6). 'Voodrow ore, which contains, on the averag!'.lll<•'• 
than 1 percent uranium but very little vanadimu ... 
unique. All other ores generally contain far le"' ur. 
nium and considerably more vanadium. Tlw ur' 
nium-vanadium ratio (2.7) in average Jackpile on·,. 
probably fairly representative of the ratio in largt• ,j. 

posits in the J ackpile sandstone. The small dt•po· ·· 
in the ·westwater Canyon, Entrada, and Todilto h·•~ 
rocks have a much smaller ratio (table 6). 

TABLE 6.-Uranium and vanadium contents of !he ores as shou" '. 
mill recorda, 195()-68 

Aline Host rock Ore 
(tons) 

u,o, v,o, ! l \ 
(percent) (peroPnt > ' 

----1-------1---------,-
l26 0.04' .. Woodrow ________ 1ackpile Sandstone .••. 

w:.r~;;iJ,::::::: :::::~~::::::::::::::::: 
Saint Anthony ....... dO.----------------
Chavez __________ Westwater Canyon 

Member of Morrison 
Formation. 

Sandy ___________ Entrada Sandston•----
CrackpOL------ Todllto Fonnation •••• 

5,326 
3,272, 236 

2,788 
2,658 

190 

!1311 
3,2H 

.23 ,]3' 

.31 .]; 
• 20 ...... 
.21 . (;;' 

.12 .II 

.13 .:lJ 

'Vithin individual deposits, ura~ium-vanadiuur 1 '' 

range greatly. In general, the uranium contri~I ra• •· 
between much greater limits than the vanadnun_ ... 
tent so that uranium-vanadium ratios are hil!h in 1

• ; 
' . I . f!rade ore and low in low-grade ore. Th1s n• all" 

shown in figure 18 where uranium-vanadium t,,n ... , f ,, 
seleeted samples are plotted against percental!•: " · , 
nium. Samples from the Sandy and 'Vindwlup 1

'' 

were taken from bottom to top in exposed ot'('. 11
' '\' 

erally across curved gradational ore hound:trll"'· , 
samples from the Jackpile mine include two set:; of 

'' 
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,.,,,.. 1•1lf'h, taken vertically across exposed ore, plus 
··,. , .;~ 111 plt~H taken at widely spaced intervals in other 
,, • _ .,( t "'' open pit. The ratios plotted in figure 18 

~ p·pn\'4'nt all of the samples taken, because vana
. ,, ''" not. detennined in amounts less than 0.0'28 
,.;, 1 rn s:tmples from the Jackpile and Windwhip 
•"· :<IHI 0.()'28 and 0.056 percent in different suites 
...... It·~ from the Sandy mine. 

I· dlrhr'<'e mines the range of the uranium-vanadium 
.... ~n·:1t, hut the ratio generally increases with 
.,..,n~t gra.de (fig. 18). Accordingly, vanadium 
·. r" he more homogeneously distributed within a 
. , r 1 han uranium. Within a deposit, vanadium 
, · .r l!l'nerally increases as uranium content in

' .~. hut much more gradually. This probably re-

,• 

. .. . 

.j._ -~------· __________ _j ... 
~ · ... 

'' l! 02 03 04 0.5 06 07 08 09 10 

URANIUM, IN PERCENT 

JACKPILE MINE 

r-: 11.3 U:V, 
! 2.77 percent U 

-e- ...... ·~ _.: _________ L----~ 
• • • j ...... . . . l .. : . ,. 

.. , 
I ' 

0 1 OJ 04 05 06 07 08 09 10 
URANIUM, IN PERCENT 

WINDWHIP MINE 

.· :- ,--:-~--,~-~-~--~-,--,-1 
'-1 OJ 04 05 06 0.7 08 09 10 11 12 1.3 1.4 

URANlUM, lN PERCENT 

SANDY MINE, PIT I 

: u \'arintlons ot urnnlum-Ynundium ratio with urn
~~·.:;:.:::· Jn,•kplle, W'indwblp, nnd Smuly mitws. Daslwc.l 

nt nverage mtlo and grade from mill data. 

fleets the different mineralogic occurrence.-; of the two 
elements. Vanadium in the relatively unoxidized de
posits is largely in micaceous silicates and may partly 
reflect the original fairly homogeneous distribution of 
clay. Uranium, on the other hand, is largely in finely 
divided coffinite and uraninite, the distribution of which 
may not depend upon the distribution of any original 
constituent of the rock. 

MINOR ELEMENTS 

Several elements in addition to uranium and vana
dium, mostly present in amounts of much less than 1 
percent, appear to be more abundant in the uranium 
deposits than in the immediately surrounding rocks. 
Shoemaker, Miesch, Newman, and Riley (1959, p. 35) 
defined intrinsic elements as those "elements whose pres
ence in the ore is unrelated to the process of uranium 
mineralization," and extrinsic elements as those "ele
ments that have been introduced by processes of or re
lated to uranium mineralization into the body of sedi
ment or rock that became the uranium deposit." As 
they pointed out, probably no single element is wholly 
extrinsic or intrinsic, but these terms conveniently dis
tinguish between those elements that were largely intro
duced during mineralization and those that were 
present before mineralization. Even though we cannot 
compare in detail the minor elemental composition of 
the deposits with unmineralized sedimentary rocks well 
away from the deposit.;:, the term "extrinsic" is used in 
this report, because many elements vary significantly 
with ore grade or rock darkness, and some elements can 
be related to specific ore minerals. 

Shoemaker, Miesch, Newman, and Riley (1959) stud
ied the elemental composition of uranium deposits in 
the central and northern parts of the Colorado 
Plateau-mostly in Utah and western Colorado. At 
the time of their study, the Grants and Laguna districts 
had not been extensively developed, and the few samples 
then available from these districts were not included in 
their study. They were primarily concerned with the 
elemental composition of whole deposits; accordingly, 
they used mill-pulp samples exclusively and treated 
their analytical results statistically. In this report we 
are concerned primarily with elemental vRriations 
within deposits; accordingly many of our samples rep
resent observable geologic features. For these reasons, 
and because only a few deposits are mined in the Laguna 
dist.rict, quRntit:ttive comp:triHons cannot be made be
twoon devosits in this district and those elsewhere on the 
Colorado Plateau. Qmtltitatively, however, similar con
clusions can be drawn from tho two studies. 

Mill-pulp samples, which indicRto to some e.·-<tent tho 
minor-element composition of typical ores, :u·o listed in 
table 7 to facilitate compat·isons made later in this re-

,, 
II 
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TABLE 7.-Minor-element content of millpulp samples from Biz uranium deposits in the Laguna district 
[Data are in percent except as Indicated. Chemical analyses by C. G. Angelo, R. R. Belns, G. T. Burrow, R. P. Cox, N. E. Crowe, Mary Floch, W. D. Goss, H. H. Llpp, E. C. Mallory, T. Muter, L. F. Rader 

1. s. Wahlberg, and!. E. Wilson. Semiquantitative spectrographic analyses by R. G. Ravena and N. M. Conklin, O,looked for but not detected; Tr., near threshold amount of element;<, less than number 
shown but standard sensitivities do not apply; ____ , not looked for; M, major constituent) 

Chemical analyses Semlquantitatlve spectrographic analyses 

Laboratory No. I Mine I 
eu I u I v~--F--~ ~~·· ~~~--s'_ M h ~ ~ ~ K TI Mn Ag 

----------------------· I '"'s~ -- 1""1'"1- <•~ «~ ; 
I 20 20 M 1.5 o. 7 0.3 0.3 0.3 1.5 0.15 0.03 0 

Z..'ll37SJ __________ Win whip__________________ .26 .28 -------- ---------- ---------- ------·-- 18 10 20 M 3.0 .7 .15 .3 .15 1.5 .07 .03 0 
239490'---------- Woodrow___________________ .87 1.16 -------- .022 ---------- 6.64 8 35 800 M 3.0 7.0 .a .3 .7 3.0 .16 .03 0.0003 
245226 .... -------- Chavez .... ----------------- .14 .20 0.56 .009 ---------- .49 50 21 83 M 3.0 1.6 .7 7.0 .7 3.0 .15 .07 0 
245229 ... --------- Sandy (Pit 1)--------------- .004 .10 .13 .006 .024 .08 15 12 15 M 3.0 .7 • 7 M 1.6 3.0 .07 .07 0 
245228...--------- Crackpot..__________________ .071 .007 .33 .016 .011 .71 3 7 18 3.0 1.6 .3 .a M .3 1.6 .007 .03 0 

Semiquantitative spectrographic analyses (continued) 

Mine Laboratory No. 

---1 I ~~~~~~J-~-~~~~~~~~~~~~~~~~~-u-1-v-1-Y-1~~ B 

229373 '---------- Iackpile ---------.----------- 0.0015 0.03 0.00015 0.0007 0.0015 0.003 <0.0002 0.0003 00.0015 0.007 0 0.003 0 0.3 0.151 0.0007 

I <iOOI I 
0.03 

229375 ·----------
Wlndwhlp __________________ .0015 .07 .00015 .0003 .0007 .003 <.0002 .00015 •. 0015 .007 0 .003 0 .3 .07 .003 .015 

239460 ·---------- Woodrow.------------------ 0 .16 Tr. .016 .0015 .016 Tr. .003 .007 .03 0.0007 .015 Tr. 1.5 .015 .003 .016 
245226 .... ------ -- Chavez._------------------- .003 .07 0 .0007 .007 .007 Tr. .007 .0007 .003 0 .015 0 .15 .3 .003 <.002 .016 
245229------------ Sandy (PU 1)--------------- Tr. .03 0 .0015 .003 .003 Tr. .0015 .0007 .003 0 .015 0 .07 .03 .0015 .0003 ,007 
245228 .. ------- -- -

Crackpot ____________________ 
0 .015 0 0 .0015 .003 0 0 .0007 .003 0 .03 0 .07 .15 0 <.002 .003 

• Parts per million. 
• Spectrographic data eonVGrled from X to numerical notations. 

• Pcoslbly In error; not eonllrmed by other aamples from aame depozlt. 
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1 J)i!V{'t comparison must be made with caution, 
~' :,.1 ,.r, ()C(:ttUse the samples repr-esent different grades 

1 ,,11., 1111d one sample from a d~posit as large as the 
; , .ptln ··nn hardly be representative. 

JACKPILE DEPOSIT 

:-•·mi'luantitative spectrographic data for 52 samples 
·;.-~tt•ol from the Jackpile mine are listed in table 8 
.. ,..J,•r of increasing darkness (or shade value), which 

.· .lt,..,·tly proportional to the organic carbon content 
. : :!:!). The relations of uranium, vanadium, 
,. :::111p,;e, barium, chromium, lead, and copper con-

.. ~, '" darkness are most readily observed diagram
,. :calli·. In figure 19 the ranges and arithmetic aver

•• ~·· of ,·he contents of these elements are shown for each 
. ,,f,. 1alue. In each diagram, the three darkest shade 
,:.,,.,and the 7.5 value are least reliable, as they are 
.. r.•,..•nted by only one sample each. 

J:, ,ummary, uranium, vanadium, manganese, boron, 
··nllium, cadmium, cobalt, copper, germanium, lan
,;,urn, lead, yttrium, ytterbium, and possibly chro
'"" and gallium show varying degrees of correlation 

, •h rhe darkness of the rock. Barium appears to be 
, •·r-....•ly proportional to darkness, and iron, magnes
·:., ··al!'ium, titanium, strontium, and zirconium do not 

·\>:hi! a detectable correlation. Strontium is com-
><:! v most abundant where calcium is most abundant. 
,,,;"'' elements that correlate with darkness are dis

. '••ll••d among specific minerals in the ore (table 9). 
I . • .thh• 9, one separate of vanadium clay is compared 
• • h r hn:'e of uraniferous carbonaceous matter. Alumi
·"'· potassium, uranium, and vanadium show the ex

r. '••I distribution. Of the minor elements that -are 
n•: ···ntrated in ore, beryllium, cadmium, cobalt, and 

r••mium are most abundant in the vanadium clay. 
! • •·I •·xpectably is most abund.ant in the uraniferous 

Hi•m:II'('OIIS matter, and yttrium and ytterbium may 
' "' '"' similarly concentrated. Other elements show 
·• n"lj.."llizable correlation. 

WINDWJIIP DEPOSIT 

l'tt1 of the Windwhip deposit was sampled in detail 
l··tmnine what elements are associated with the ore, 

' I I r I hl•re is any peculiar distribution of minor ele
.-..-~ n•l:ttive to different parts of the deposit and the 

··.·n·•rnding sandstone (table 10; fig. 20). Most 
'"'•1·1·~ Wt>re t.'tken at about 1-foot intervals vertically 

and horizontally across the deposit: three (2C,, 2C., 2C3, 
fig. 20) were taken across the banded, convex part, and 
10 were taken at 2-foot intervals between the top of the 
deposit and the base of the Dakota Sandstone. 

A close correlation can be seen betwet>,n uranium con
tent and the visible features of the deposit (fig. 20). 
The highest grade part of the deposit is associated with 
dark rock directly in the center of the deposit; visibly 
sharp color boundaries are associated with abrupt 
changes of uranium content, and gradational color 
boundarie.<; are associated with gradual changes of 
uranium content. 

To illustrate the relations between uranium and the 
other minor elements, samples are listed in table 10 in 
order of increasing 11ranium content. Darkness of 
material is not used as the basis here because it has been 
changed somewhat by oxidation. Correlations of vana
dium, calcium, manganese, beryllium, cobalt, lead, 
yttrium, ytterbium, and possibly cadmium, germanium, 
chromium, and molybdenum with uranium content can 
be seen in table 10. Of the aritlunetic averages of ele
ments (table 11), manganese, calcium, and copper show 
marked correlations with uranium. Strontium, tita
nium, and magnesium correlate somewhat. 

Iron and titanium show peculiar distribution pat
terns. Iron appears to be deficient in a thin zone di
rectly above the deposit. Samples 7H, 71, 1J, 81, and 
8J contain either 0.0:3 or 0.07 percent iron, whereas all 
but one of the other samples contain 0.15 percent or 
more iron (fig. 20; table 10). Titanium is most abun
dant in samples 3B and 3C (fig. 20; table 10), which 
were obtained from a gradational concave junction be
tween the upper and lower layers shown in the right
hand side of figure 20. 

WOODROW DEPOSIT 

Because the Woodrow deposit has a pipelike form 
and is composed of contrasting types of ore-massive 
sulfide, massive coffinite, and mixtures of the two-no 
attempt was ma'de to compare "typical" ore with "typi
cal" unmineralized rock. Instead, the minor-element 
associations are shown by tabulating contrasting types 
of materials (table 12). In table 12, the upper 7 speci
mens are of various types of ore, and the lower 10 are 
mineml sepamtes from the same and other similar 01-e 
specimens. 
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TABLE 8.-Distribution of minor element.!, in pereent, rekltir. 

(Color shados are according to "Rock-Color Chart" (Goddard and others, 1918). Percentages determined by scmlqunntltatlve spoctrographlc analysis oscopt"' 

Shade ••••••••••••••••••••••••••• 
Very light gray Light gray 

8 7.5 

Ul ••••••••••••••••••••••••••••.• 0.074 0.011 0.017 0.000 0.007 o.oss 0.040 0.030 0.011 0.033 O.lll 
v. --------------·--------------- .003 1,918 .03 .111 .003 .007 .003 .003 .015 .03 .003 Fe .............................. .15 .a .3 .3 .15 .3 .15 .3 .3 • 7 .u Mg ............................. .03 .07 .07 .111 .111 .07 .07 .07 .03 .07 .07 Ca .............................. .15 • 7 .07 .15 .03 .07 .015 .015 .111 .15 .07 TL ............................. .111 .07 .15 .15 .111 .15 .03 .15 .03 .15 .03 
Mn ............................. .0015 .0015 .003 .003 .0015 .0015 .0015 .0015 .007 .003 .oou 
B ............................... 0 0 0 0 0 0 0 0 0 0 0 
Ba .............................. .3 .15 .lli .15 .15 .15 .15 .07 .07 .07 .07 
Be.- ...... ---------------------- 0 0 0 0 0 0 0 0 0 0 0 
Cd .............................. 0 0 0 0 0 0 0 0 0 0 0 
Co .............................. 0 0 0 0 0 0 0 0 0 0 0 
Cr.-- .. ---------- .. --------------- .00015 .00015 .00015 .00015 ,00015 .00015 .00015 .00015 .00015 • 00015 .00015 
Cu .............................. .0007 .0007 .0003 .0003 .0003 .00015 .0015 .0003 .0007 .0015 .00015 
Ga .............................. 0 0 0 0 0 0 0 0 0 0 0 
Ge .............................. 0 0 0 0 0 0 0 0 0 0 0 
La .............................. 0 0 0 0 0 0 0 0 0 0 0 
Pb .............................. • 0015 • 0015 .0015 .003 .0015 .0015 .0007 -0007 -0015 .0015 .0001 
Sr ............................... .007 .003 .003 .003 .003 .003 .0015 .0015 .0015 .003 .0007 
Y ............................... 0 0 0 0 0 .0007 

I 
0 0 0 0 0 

Yb .............................. 0 0 0 <.001 0 .00015 0 0 0 0 0 
Zn .............................. .007 .007 .03 .007 .015 .015 .007 .007 .003 .015 .003 

Shade ........................... 
Medium gray-Continued 

5.5 

Ul ___ .,. __________________________ 0.26 0.28 0.060 0.30 0.89 0.17 0.43 0.28 0.51 0.32 0. 2t 

v. ------------------------------ I .224 1,112 1,112 1,229 1,106 I .112 1.123 I .063 1,168 1,000 I ,()It 

Fe .............................. ,3 .3 • 7 • 7 .3 .7 .3 .15 . 7 .15 .3 
Mg.- ........................... .15 .111 .15 .3 .07 .3 .15 .07 .15 .03 .Ill 
Ca .............................. .15 .15 .15 .15 . 7 3.0 .07 .IS .07 .3 .lr. 
Tl. .............................. .111 .15 .07 .15 .15 .15 .07 .07 .15 .07 .lr. 
Mn ............................. .015 .007 .007 .015 .007 .07 .007 .007 .007 .003 .003 
B ............................... 0 .003 0 0 0 0 .003 0 .003 0 0 
Ba .............................. .03 .03 .07 .15 .07 .07 .03 .03 .07 .03 .015 
Be .............................. .00015 0 0 .0003 0 0 . 00015 0 .00015 0 0 
Cd. ............................. 0 0 0 0 0 0 0 0 0 0 0 
Co .............................. <.002 <.002 0 <.001 <.001 <.061 <.005 <.002 <.002 '<.002 <.002 
Cr .............................. .00015 .0007 00015 .0007 .0003 .0003 .00015 . 00015 .0007 .00015 .003 
Cu .............................. .0007 .0007 .0007 .0007 .0003 .0007 .0007 .0003 .0007 .0007 .0007 
Ga .............................. Tr. 0 0 0 0 0 Tr. 0 Tr. 0 0 
Oe .............................. 0 0 0 0 0 0 0 0 <.005 0 0 

La.----------------------------- 0 0 .003 0 0 0 0 0 0 0 0 
Pb .............................. .015 .003 .007 .003 .007 .003 .007 .0015 .007 .003 ,(Xlj 

Sr ............................... .007 .0015 .007 .015 .003 .015 .0015 .0015 .003 .0015 .001!· 
Y ............................... 0 .003 .0015 .0007 0 .0007 .0015 0 .0015 .0015 .CM:Il~ 

Yb .............................. 0 0 <.001 <.n <.001 <.001 0 <.0005 0 .00015 <.OOI 
Zn .............................. .015 .03 .015 .007 .015 .015 .007 .007 .015 .015 .015 

1 Determined by chemical methods. Analysts: C. P. Angelo, 0. T. Burrow, E. J. Fennelly, H. H. Llpp, J.P. Schnob. 

I 

I 

I 
I 

to dark. 

Indicated ,1 

Llglt 

0.10 
.015 
. 7 
.15 
.03 
.15 
.003 

0 
.15 

0 
0 
0 
.0003 
.0007 

0 
0 
0 
.003 
.003 

0 
0 
.015 

1.65 
1,106 
.3 
.07 
.15 
.07 
.007 

0 
.07 
.00015 

<.05 
<.005 

• 00015 
.0007 

0 
<.005 

.003 

.015 

.0015 

.0015 
<.001 

.007 
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, 
1 1

,,"., nf material in Jackpile uranium deposit 
•"''>'I n. O.llavens. 0, looked lor but not detected; Tr., near threshold amount of element; <,less than number shown but standard sensitivities do no! appl;vl 
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•• 1 
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'·' ... ... .. 

----

' I ~~ l) ("nnUnued 
-~ --

1 
.. --

0 {):)fJ 0.02 
rm 1,(;28 

1.5 
15 ,3 

'i.l 3.0 
.03 

015 .03 
0 0 

)I .15 
0 0 

" 0 

" 0 

' 00015 .00015 
.00015 .0007 

0 0 
0 0 
0 0 

0015 .003 
003 .015 

Q .0007 
0 .00015 

015 .007 

.,r,y-Con. 

5 

0.16 0.15 
I .09 •.101 
.3 .3 
.07 .07 
.15 .03 
.15 .03 
.007 .003 

0 0 
.03 .07 

0 0 
0 0 

<.002 <.001 
.0007 .00015 
.0007 .0007 

0 0 
0 0 
0 0 
. 003 .003 
.0015 .003 
.0015 0 

<.005 0 
.007 .015 

6.5 

0.035 
.003 
.3 
.07 
.03 
.15 
.0015 

0 
.07 

0 
0 
0 
. 00015 
.00015 

0 
0 
0 
0 
.0007 

0 
0 
.015 

1.5 

0.22 
1 .157 

.3 

.07 

.07 

.07 

.007 

.003 

.03 

.00015 
0 

<.002 
.0003 
.OOM 

0 
0 
.003 
.015 
.007 

0 
0 
,007 

Medium llght gray 

6 

0.093 0.027 0.062 0.20 
1,039 I .05 1,028 1,056 

.3 .3 .7 .3 

.07 .07 .15 .07 

.07 ,15 .07 .07 

.15 .07 .07 ,07 

.0015 ,003 .007 .003 
0 0 0 0 
.03 .15 .15 .03 

0 0 0 0 
0 0 0 0 
0 0 0 <.002 
.00015 ,00015 .00015 .00015 
.0007 .0003 .0007 .0007 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 .003 .003 .0015 
.0015 .003 .007 ,0015 
.0015 .0015 0 .0015 
.0003 .0003 <.001 .0003 
.015 .007 .015 .007 

Medium dark gray 

0.31 0.36 0.18 0.41 
•.157 •.112 1,090 1.050 

.15 .a . 7 .3 

.07 .07 .15 .07 

.07 .15 .15 • 7 

.07 .07 .15 .15 

.007 .007 .007 .007 
0 0 .003 0 
.03 .07 .15 .15 
• 00015 0 0 0 

0 0 0 0 
<.002 <.001 <.001 <.001 

.0007 .0003 .00015 .00015 

.0015 .0007 .0003 .0007 
0 0 0 0 
0 0 0 0 
0 0 0 .003 
.003 .007 .007 .007 
.0015 .003 .007 .003 
.0015 0 0 .0007 

<.001 <.001 <.001 <.ool 
.007 .015 .015 .015 

Medium gray 

5.5 

0.14 0.21 0.11 0.15 0.31 0.30 0.13 
1.120 1,117 .007 I .162 •.oo •.062 I .039 

.3 .3 .15 1.5 .3 .3 .3 

.07 .07 .03 .15 .07 .07 .07 

.07 .15 .3 .IS .03 .07 .15 

.07 .07 .07 .15 .07 .07 .07 

.007 .007 .003 .015 .007 .007 .007 

.003 .003 0 0 .003 .003 .015 

.03 .07 .03 .15 .03 .03 .03 

.00015 0 0 .00015 0 .00015 0 
0 0 0 0 0 0 0 

<.002 <.002 <.002 <.001 <.002 <.002 <.002 
.00015 .0003 .00015 .00015 .00015 .0003 .00015 
.0007 .0007 .0007 .0007 .0007 .0007 .0007 

0 Tr. 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
.007 .007 .0015 .015 .003 .007 .0015 
.0015 .003 .0015 .007 ,0015 .003 .007 

0 0 .0015 .0015 0 0 .0015 
0 0 .0007 <.001 • 00015 <.0005 .0003 
.015 .015 .007 .007 .015 .007 .015 

-
Dark gray 

4 3.5 3 2.5 
---

0.47 0.17 0.62 0.67 0.71 0.85 0.51 
1 .056 I .123 1.106 1.045 1.347 •.205 .03 

.3 1.5 .3 .15 • 7 .3 .7 

.15 .3 .07 .03 .07 .07 .15 

.3 1.5 .07 .07 .15 .15 .03 

.07 .07 .07 .07 .07 .07 .07 

.007 .03 .007 .007 .015 .015 .007 
0 0 0 0 .003 0 0 
.07 .07 .03 .03 .03 .03 .07 

0 0 .00015 0 .0003 .0003 0 
0 0 <.05 <.05 <.05 <.05 0 

<.001 <.001 <.005 <.002 <.005 <.005 <.001 
.0007 .0003 .0003 .00015 .0015 . 00015 . 00015 
.0015 .0003 .(l()()i .0015 .0015 .0015 .0007 

0 0 0 0 0 0 0 
0 0 <.005 <.005 <.005 <.005 0 
.003 0 .003 .003 0 0 .003 
.015 .007 .007 .007 .007 .007 .03 
.007 .015 .0015 .0015 .003 .0015 .007 
.003 0 0 .0015 0 0 .0015 

<.001 <.001 <.005 .0003 0 0 <.001 
.015 .015 .007 .03 .015 .007 .015 
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( f :m.hln rd u ud utJu•r~o~, HHk). 
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URANIUM DEPOSIITS 67 
TABLE 9.-Minor-element content, in percent, of four samples from the Jackpile deposit 

., , ~. t ,..~ h)' N M. Conklin, by semiquantitative speetrogra~:~~:~~~d~~:~~~P~~~~ .. ~o~i!~~Jofo~ut not detected; <, less than number shown, but standard 

:;am pia Bl AI Fe Mg Ca Na K Tl Mn Ba Be Cd Co 
------------------------------------

--------------·---- ------·--- 0.15 o. 7 0.07 0.3 0 0.07 0.3 0.03 0 0 <0.002 
------------------- ---------- .07 .15 .07 • 7 0 .03 .07 .0015 0 0 <.002 

-------------------- ---------- .15 .3 .3 1.5 0 .015 .03 .03 0 0 <.002 
------------------- ---------- 7.0 3.0 • 7 .7 7.0 .07 .07 .07 0.0015 <0.1 .007 

sample Cr Cu Mo Nl Pb Sn Sr u u• v y Yb Zr 
-------1---------------------------------------

------------------- 0.0015 0.15 0.007 0.015 0. 7 0 
--------------------- 0 .003 0 0 .07 0 
-------------------- .0015 .007 .007 0 .15 0 

--------------------- .015 .15 .007 0 .015 .015 

1 ···h'rmmed fiuorlmetrically by E. J. Fennelly. 

DESCRIPTION OF SAMPLES 

"" z;g.r;o5; uraniferous carbonaceous matter from ring fault of collapse structural feature . 
'.;o 279506; same as sample l. 
\oo :ti9507; uraniferous carbonaceous matter from concentratiOn around clay gall. 

1 ; , :\o. 2i9537; vanadmm clay from vemlet m mmeralized s1hclfied log . 

2C 1 2C2 

013. 014 

10 mches 

2C, 

0.2 

Dakota 
Sandstone 

Jackp1le sandstone 
of econom1c usage 

Sample 
locat•on 

0.002 
0.001 
0.002 

0.005 
0.006 

0.003 
0.002 
0.002 

0.03 
.007 
.07 
.015 

1L 

K 

_7_1_ 
0.005 

~---_2!!_ 
0005 

u__....,sample number 

0·002-sample locat•on and 
uran1um content 

' J06 

_?11__ 
.-- 0.067 

~ 
0.27 

Mudball 

_liL 
0025 

...:...!L 
conglomerate o 021 

. o'~ 

0 

__ 1_1_ 
0.027 

4 FEET 

3.0 
7.0 
7.0 
1.5 

25' 

20' 

IS' 

12' 

3.6 
8.1 
5.4 

0 
0 
0.07 
7.0 

0.07 
0 
.07 

0 

0.007 
0 
.007 

Wh1te crossbedded unm~nerahzed 
Jackptle sandstone of economtc usage 

8J 
0.001 

_8_1_ 
0.007 

BH 
0:29 

- --

80 ·-Q.l7 .. 

~- - Gray 

. 0.14 ·----= 

....!!!.... 
0.013 

0.015 
0 
0 
0 

14' 

12' 

10' 

8' 

6' 

4' 

2' 

1 ''"'Ro; 21).-Part of Wind whip deposit, showing distribution of samples In table 
To!>-Ct'nter inset shows spacing of samples lK to lR relative to base of Dakota 
lllogrnm. 

10, and uranium content, in Jl('rcent. 
Sandstone, which is not shown in the 

II 
'I 
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TABI.I!l 10.-Distribution of minor elementB relative 
[Perccntagesdetcrmlned by semiquantitative spectrogrsphlcanalyslsexcept as Indicated; analyst: P. J. Dunton. o, looked for but notdoteotod; 

Laborstcry No. 
(26&-) ••••••••••••• 302 267 268 268 262 261 260 263 265 

----
Field No ••••••••••• s:J 1Q 1R 1P 1L 1K 11 1M 10 

--------
u• ................. 0. 001 0.001 0.002 0.002 0.002 0.002 0.002 0.003 0.005 
v •.................. .003 0 .0015 .003 .003 .007 .007 .007 .003 
Fe ••••••••••.••••••• .03 .7 .15 .3 .15 .15 .03 .15 • 7 
Mg ••••••••••••••••• .015 .07 .07 .07 .03 .03 .03 .03 .07 
Ca •••••••.••••••••. .03 .03 .07 .07 .03 .03 .03 .03 .07 
Tl.. .•.•.•.......•.. .03 .07 .15 .07 .07 .07 .15 .07 .07 
Mn •••••.••••••••••. 0 .0015 .0007 .003 .0007 .0015 .0007 .0015 .015 
B ••••••••••••••••••. 0 .003 .003 .003 0 .003 0 0 0 
Ba •••••••••.••••.••• .015 .03 .03 .03 .03 .07 .03 .03 .07 
Be •.•••••••••••••••• 0 0 0 0 0 0 0 0 0 
Co •••••••••••••••.• 0 0 0 0 0 0 0 0 0 
Cr ••••••••••••.•.••• 0 .00015 .0007 .00015 0 .0015 0 0 .00015 
Cu ••••.••.•••••.••. 0 .0015 .00015 .0003 .0003 .0015 .00015 .0007 .0007 
Mo •••••••••••••••.• 0 .0007 0 .0007 0 0 0 0 0 
Pb •••.••••••••••••• 0 0 0 0 0 0 0 0 .003 
Sr ••••••••••••••••.• .0003 .0015 .0015 .0015 .0003 .0015 .0003 .0015 .0015 
¥ ••••.•...•...•.•.. 0 0 0 0 0 0 0 0 .0015 
Yb •••••••.••••••••• 0 0 0 0 0 0 0 0 0 Zr __________________ .007 .007 .03 .007 .015 .015 .007 .007 .007 
Cd ••••••••••••••••• 0 0 0 0 0 0 0 0 0 
Ga ••••••••••••••••• 0 0 0 0 0 0 0 0 0 
Go ••••••••••••••••• 0 0 0 0 0 0 0 0 0 
c• ................. ------------ ------------ ------------ ------------ ------------ .08 ------------ ------------ ------------

Laboratory No. 
(26&-) •••••••.••••• 272 295 2M 296 281 200 289 298 273 

----------------------------
Filed No •.•••.•.••• 2Ca sc lC 8D 3C 7G 7F SF 2C, 

----------------------------u: _________________ 
0.14 0.14 0.15 0.17 0.18 0.18 0. 20 0.20 0.20 

v ................... •.u •.056 '.084 , .067 ' .09 '.117 '.106 '.045 ' .196 
Fe •••.•...•....•...• .15 .07 .15 .15 .15 .15 .15 .15 .15 

~:::::::::::::::::: .07 .03 .07 .03 .03 .07 .03 .03 .07 
.07 .07 .15 .07 .07 .15 .15 .3 .15 

Tl •••....•.•••.•.•.. .15 .07 .07 .IS .3 .07 .07 .03 .07 
Mn .••••.•....•.•... .001 .003 .007 .007 .003 .015 .007 .0015 .007 
B •••••..•••••..•••.. 0 0 0 0 0 0 0 0 0 
Ba ••••••.•....•••.• .015 .015 .03 .03 .015 .03 .015 .07 .015 
Be .•.•.•....•.....•. 0 0 0 0 0 .00015 0 0 0 
Co •••••............. 0 .0003 0 .0003 .0003 0 .0003 .0003 .0003 
Cr •••.•....•.••.•... .00015 0 .00015 .00015 .00015 .00015 .003 0 .00015 
Cu •............•.•• .0007 .00015 .00015 .0003 .00015 .0015 .0007 .0003 .0015 
Mo •.•.•.......••... 0 0 0 0 .0007 .003 .007 0 0 
Pb ..••....•.•.•.... 0 0 0 0 .015 .015 .007 .003 0 
Sr ••..•..•..•..•.••• .0015 .0015 .0015 . 0015 .0015 .003 .0015 .0015 .0007 
¥ ••...........•.... 0 0 0 0 0 .003 .0015 0 0 
Yb •.•.••....•••••.• 0 0 0 0 0 .0007 0 0 0 
Zr .•••......•.•...•. .007 .015 .007 .015 .015 .007 .007 .007 .03 
Cd •••......•••••••• 0 0 0 0 0 0 0 0 0 
Ga •••••..•..•••..•• 0 0 0 0 0 .00015 0 0 0 
Ge •••••.••.•••••••• 0 0 0 0 0 0 0 0 0 
c • ----------------- ------------ ------------ ------------ .1G ------------ ------------ ------------ ------------ ------------

' Selected specimens not shown In figure 20. 
'Detcrmmed by chemical methods. Analysts: G. 8. Erlcksoo, E. J. Fennelly, W. D. Goss, Claude Hu1fman, aud H. H. Llpp. 
' Determined by tube furnace-gasometric method; analyst: Wayne Mountjoy. 

'. 

292 291 264 

71 7H lN 
------------

0.005 0.005 0.006 
.007 •.028 .003 
.07 .07 .7 
.03 .03 .07 
.03 .3 .07 
.07 .03 .07 
.0015 .0015 .003 

0 0 .003 
.03 .07 .03 

0 0 0 
0 0 0 
0 0 .000)5 
.0003 .0003 .0003 

0 0 0 
0 0 0 
.0015 .0015 .0015 

0 0 0 
0 0 0 
.007 .003 .007 

0 0 0 
0 0 0 
0 0 0 

------------ ------------ ------------

274 284 300 
------------

2D 7A SH 
------------

0.22 0.27 0.29 
'.112 .015 ' .095 

.15 .3 .3 

.07 .07 .03 

.15 .15 .07 

.07 .07 .07 

.007 .003 .007 

.003 0 0 

.03 .03 .03 

.00015 0 0 

.0003 .0007 0003 
0 . 00015 .00015 
.0007 .0007 .0007 

0 0 .0007 
.0015 0 .0015 
.0015 .0015 .00!5 
.003 .0015 .0015 
.0007 0 0 
.007 .015 .007 

0 0 0 
0 0 0 
0 0 0 
.26 ------------ .25 

to tmm 
Tr., nt'ar! 

0. 006 
.015 
.07 
.03 
.07 
.07 
.0007 I 

0 
.03 

0 
0 
0 
.00015' 

0 
0 
.0007 

0 
0 
.015 

0 
0 
0 

2G 

0.34 
•.134 

.15 
.03 
.15 
.07 
. 007 

0 
.015 
.00015 
. 0007 
.00015 
.000!5 

0 
.003 
.0015 

0 
0 
.007 

0 
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, ,.~n~um content, in percent, Windwhip deposit 
A<~" 11 ,n·shold amount ol element; <, Jess than number shown, but standard sensltlvitJes do not apply; ~ ---• not determined) 

--
I 
I 294 270 251 252 2ll!l 293 287 285 285 2W 283 271 282 .. !-~ ------------------------------------

:\ 81 Bb 2b lA IB ll 8A 7D 7B 7C 80 3E 2C, 30 

------------------------------------------------------
' .. 0.007 0.013 0.014 0.021 0.025 0.027 0. 03ll 0.050 0.067 0.070 0.079 0. 092 0.13 o. 14 

.015 2,067 .015 2 .028 ' .067 2 .028 .015 2.101 2 .039 2.084 ' .056 ' .050 2 .168 2 .090 :I 

.07 .3 .15 .15 .15 .3 .3 .3 .16 .15 .15 '15 .15 .15 
,03 .07 .03 .07 .07 .03 .07 .15 .07 .07 .03 .03 .07 .03 
.15 .15 .07 .15 .07 .07 .03 .15 .07 .IS .07 .07 .15 .07 
.07 .07 .07 .IS .07 .07 .07 .07 .07 .07 .03 .03 .07 .07 

u1: .0003 .003 .0007 .003 .003 .003 .003 .007 .0015 .003 .003 .0015 .007 .003 
0 0 .003 0 0 0 0 .003 .003 .003 0 0 .003 0 
.03 .03 .015 .03 .03 .15 .03 .03 .03 .015 .03 .07 .015 .03 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 .00016 0 .00016 • 00015 .00015 .00015 .0003 .00015 .00015 .00015 • 00015 . 00015 .00015 .. ~, ~ 0 .0007 .00015 .0007 .0007 .0003 .0007 .0003 .0003 . 0003 .00015 .0007 .0015 .00015 
0 0 0 0 0 .0007 0 .003 0 0 0 0 0 0 
0 .0016 0 0 0 .003 0 .015 0 0 0 0 0 0 

-It•. .0007 .0015 .0003 .0015 .0015 .0015 .0015 .003 .0015 .0015 .0015 .0015 .0015 .0015 
0 0 0 0 0 0 0 0 0 0 0 0 .0015 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 

;o .015 .03 .007 .015 .007 .007 .007 .015 .015 .007 .007 .003 .007 .015 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 .0003 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 

---------- ----------- .10 .08 ------------------------------------------------------- ----------- .II 
------~- -- ----------

I 

>I~ : : -;- : : : ~---;--~~ : -;---;;-
~~ 1 h~. P:~ P:~k P:1k P:1~5 ,o:~ P:r~ P:r~ Jl:~ PJ~8 P:!k :>::1 •1:~~ .~~~ 
'.; I :M :~ :M :M :~1 :~ :~ :~ :~ :~ :M :~ :~~ :~5 _, I .3 .16 .15 .3 .15 .15 .15 .3 .3 .3 .3 .3 .3 .7 
.; .07 .3 .07 .07 .03 .07 .07 .15 .07 .07 .07 .03 .07 .07 
'" .015 .007 .007 .015 .007 .007 .015 .015 .015 .015 .007 .015 .015 .015 

' -~ 0 -~ .003 -~ 0 0 .003 .003 .003 0 0 0 .003 
" 1 .03 .03 .03 .03 .03 .01 .03 .03 .03 .o3 .03 .o3 .03 .01 
Ull51 . 00015 0 0 . 0003 . 00015 0 . 00015 . 00015 . 00015 . 0003 . 00015 . 00015 . 0003 . 0003 

. ..,, .0007 .0007 .0007 .0015 .0015 .0015 .0015 .0015 .0015 .0015 <.005 .0015 <.002 .003 
nlJ,I I • 00015 , 0003 . 00015 . 0003 . 0003 . 00015 . 00015 . 00015 . 0003 . 00015 . 0003 • 0003 . 0003 . 0003 
"'" i 0.0001 :ll:l:l~s ::= 0.0001 0.0001 :l::W 00001 ::l8n 0.0001 ::l8~5 ::l8l~ 0 0001 0.0015 :: 

:~~~ J :::5 :~ 0
.ool5 ::l8l~ ::: :l:5 :l:5 :U~5 ::l8i5 :~ ::l8i :U~5 ::l8i :~ 

1 :~1 g g :~7 g g :::r 
0
.ool5 :~7 0

.oo15 o .oo15 
0
.ool5 

0
.o15 

0
.oo15 

.. ,, 

1

. .007 .03 .007 .015 .007 .007 .015 .015 .001 .015 .007 .007 .007 .007 
0 0 0 0 0 0 0 0 0 0 <.OS 0 <.OS 0 
0 0 0 0 0 0 0 0 0 0 Tr. 0 Tr, 0 
0 0 0 0 0 0 0 0 0 0 <.005 0 <.005 0 

. ........... .11 .34 ··--....... ·--········ ........... .28 .28 ....................................... -............ . 

TABLE H.-Arithmetic averages, in percent, of some elemeniB in 
Windwkip depOBit 

(Data are !rom lab1e10] 

u Fe Mg Ca Ti Mn Ba Cu Sr Zr 

------------------
0.001-D. 010 0.24 0.013 0.072 0.076 0.0023 0.«18 0. 00015 0.0011 0.00!1 
O.OI-Q.1 .20 .063 0.095 .070 .0029 .012 . 00015 .0015 .00!1 

>o.t .22 .062 .200 .000 .0086 .031 .00071 .0018 .0011 
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TABLE 12.-llfinor-element content of selected ·~"'•-·· 
[Data are In peroontex«'pt as Indicated. Chomlealannlysosby C. P. Angelo, 0. T. Burrow, Claudellullman. 11 1, , 

(0, lookod for but not detectOO~ Tr .• nenr threshold amount of element; <, loss than 11 .. o. : 

sample 1-.u-'lc_h-:m-.1~-:-:-.•"1-: ... -.-, 'I A-.-., 11-S-i,,,.......A-1,,-F-o---.I_M_g.,..,-c-.-~;---N-a•lr-K-s.,.., ·-:-ilq-~,an-;-it-.-jt-1:-.-:pec...,,-t-:-gg_rn_p..,.,l_cA_:-al-.-t-sc-~---.~-D-a -.,·-Dtl--,-,-DI I <'• 

'· 
Roek aampleo 

!.. ..... 16.9 18.97 <0.1 30 8100 3.0 0. 7 M 0.!5 3.0 0 0 0.03 0 0.015 0 I. 5 0 1.5 o. 00015 0 0 

i~:::::: 1.5 2.'!1 <.I ----- ------ M 3.0 I. 5 .07 .15 • 7 I. 5 • 07 0 .007 0 0 0 .03 .00015 0 0 
1.0 J. 22 <.I ----- ------ M . 7 M :~ .3 .3 . 7 .03 0 . 007 .00015 0 0 . 015 0 0 0 

4 ....... . 11 .12 <.I ----- ------ M 7.0 1.5 .3 I. 5 3.0 .15 0 . 015 0 0 .003 .03 .0003 0 0 
5.. ..... .12 .12 <.I ----- ------ ~I 3.0 7.0 .03 .!5 ). 5 3.0 .03 0 .007 0 0 0 . 07 0 0 0 
6 ....... .45 . 68 <.I ----- ------ I. 5 .15 . 7 .03 M .a 0 .OOi 7. 0 .03 .0007 0 0 .03 .OOOIS 0 ,u; 
7 ....... • 088 .080 <.I ----- ------ M 3.0 Ill .3 .3 .3 • 7 .07 0 .007 0 .3 0 .IS 0 0 0 

... 
Mineral separates 

8 _______ ------- ------- ------ ----- ~--- -- 0. 7 I.S l. 5 0.03 0.3 <0.2 0 9 _______ ------- ------- ------ ----- ------ "i.-5- I.5 7. 0 .15 . 3 __ 0 ___ 0 
IO--·--- ------- ------- ------ ----- ------ l. 5 3.0 . 07 .. 0 
11------ ------- ------- ------ _ii ___ 

-iooo- --3.-o- .07 . 7 .03 7. 0 ------ 0 12 ______ ------- ------- ------ :~ M .015 <.05 0 0 
13 ______ ------- ------- ------ 10 ------ 3.0 M .03 .15 0 0 J4 ______ ------- ------- ------ 2 ------ . 7 .07 M <.005 <.05 0 0 
15. ___ ._ ------- ------- ------ I 2000 1.5 • 07 M <.005 <.05 0 0 16 ______ ------- ------- ------ .s 1000 1. s .3 AI <.005 <.05 0 0 
17--·--- ------- ------- ------ <.5 2000 .3 .07 AI <.005 .I5 0 0 

t Pa.tts per miU10n. 
z Arsenic data approximate; too much arsenic for colorimetric metOOd 

DESCRIPTION OF SAMPLES 

1. Lab No. 239604; vug fillmg in broken mudstone; contains pyr1te, coffinite, barite 
and traces of cobaltite, galena, wurtzite(?). 

The Woodrow deposit is unique in the district with 
respect to its high uranium and low vanadium contents 
(table 6), and the mill-pulp sample of Woodrow ore 
(table 7) is richer than the others with respect to iron, 
sulfur, arsenic, cobalt, copper, zinc, barium, nickel, and 
lead. Further, silver, scandium, and tellurium were 
detected only in the Woodrow ore. The high sulfur 
and iron contents (table 1) reflect abundant pyrite and 
marcasite. Barium and copper are attributable to 
galena. ·where arsenic and cobalt are about equally 
abundant in the same specimen (samples 1 and 10, table 
12), they are attributable to cobaltite. :More com
monly, however (samples 7, 9, 12, 13, 14, 15, and 17, table 
12), arsenic is too abundant relative to cobalt for it to be 
attributed to stoichiometric cobaltite and may be in 
solid solution in pyrite, which Fleischer (1955, p. 999) 
reported is possible. The high phosphorus and calcium 
contents of specimens 6 and 11 are attributable t{) the 
apatite that makes up the bone fragment. 

Other minor elements are not attributable to identi
fied mineral species, but many seem to be associated 
either with the sulfides or with the uraniferous car
bonaceous matter. Silver seems to be associated with 
uraniferous carbonaceous matter but not with sulfides. 
Beryllium was deteeted in four ore specimens hut not 
in any of tho mineml separates. Chromium was de
tected in two separates of uraniferous carbonaceous 
matter hut not in tho sulfide separates; the highest 
chromium contents are in impure ore samples. 

0.3 I 0 0.015 0 0 0 0.007 0 0 0 
. 07 0 .03 .003 • 7 0 .03 0 0 0 
.15 0 • 007 0 .I5 0 .007 0 <.005 0 
.03 3.0 .03 .003 0 0 .007 0 0 0 
. 015 0 .03 0 ·' 0 .03 0 0 0 
.03 0 . 003 0 3.0 0 .007 0 0 0 
• 007 0 .007 0 . 3 0 .07 0 0 0 
.003 0 .003 0 .3 0 . 7 0 0 0 
.015 0 .0015 0 .IS 0 .003 0 0 0 

0 0 .07 0 .3 0 .003 0 0 0 

2. Lab. No. 250SOO; sandstone impregnated with pyrite, coffinite, and a small":,, 
of chalCOp)Ttte 

3. Lab. No. 250...ilH; same as sample 2. 
4. Lab. ~o. 250802, broken mudstone with trace amounts of coffinite and l'\H'N 
5. Lab. Ko. 250804; coarse arkose w1th diSSeminated pyrite and mar(.'3!'Jh· • 

trace of coffimt.e. 
6. Lab. No. 250803; bone fragment; apatite is major constituent, but detrital ~:j 

and pyrite and coffinite are present. 

Molybdenum does not appear to be systematically 
sociated with any particular component of th•· ,,,, 
Nickel shows a distribution that is nearly propo1ii•·• . 
to cobalt and is probably contained in cobaltite. 1 ... , 
expectably correlates with uranium. Strontium "i 
pears to correlate with calcium, which in turn pa11' 
reflects the distribution of calcite and apatit~> ( ).,., 
fragment). The uranium in sulfide separates 1:! a:·· 

13 (table 12) represents impurities of coffinite. 
The bone fragment (sample 6, table 12) is of pari~> · 

lar interest because it contains cerium, dyspr•""'' 
erbium, gadolinium, lanthanum, neodymium, yttrl' 1' 

and ytterbium. These rare-earth elements han 
strong affinity for phosphorous (Rankama and :-;alt:n: 
1950, p. 518). 

PIT I DEPOSIT, SANDY KINE 

Samples collected from below, above, and witlti~o :· 
relatively unoxidized parts of the Pit I depo~!l · ., 
listed in table 1:3 in order of increasing uranium l'011"'' 

Vanadium, iron, magnesium, beryllium, colmlt. "'': 
and yttrium definitely correlate with uranium. A-~' 
lium germanium and lanthanum were cletedl'tl "' 

1

' 
' , • 1' 

in the highest grade samples, their enrichment 111 
.; 

ore seems certain. As boron and molybdenum an· ·• 
sent in the low-grade material (less than 0.008 nnd '' ·•. 
percent uranium, respectively), these elements 1

""·
1 

·• 

enriched in the ore. Arithmetic averages of l.ar•u· 
copper, titanium, and nickel contents (tabulatNI 1~· 1"" 

I 
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, , ... ", rnl separates from the Woodrow deposit 

, "· t: c. Mallory,J. E. Wilson, andJ. 8. Wahlberg, SP<lctrographlcanalyscs byJ. C. Hamilton and N.lf. Conklin. 

1
, ~1 1u1dBrd sensitivities do not apply; __ ,not looked tor; M, major constituent] 

Semiquantitative spectrographic analyse,....Contlnued 

Od I La I Mo I Nb I Nd I Ni [ Pb I Be I Sr I Tl I U I V I Y I Yb I Zr I Sn 

Rock ...... pi...-Continued 

0 015 0 0 0 0 0 0.015 0 0 0.15 0.3 0 0.03 0.03 M 0.3 0.15 0 0 0 
1.~ 0 0 0 0 0 .0015 0 0 .007 .03 0 .0015 0 1.5 .003 .015 .0015 .007 0 
u7 0 0 0 0 0 .007 0 0 .007 .015 0 .0015 .015 . 7 0 .007 .0015 .007 0 

,0015 0 0 .0015 0 0 .0007 0 0 .0007 .003 .0007 .03 0 .15 .003 .003 .0007 .015 0 
0015 0 0 0 0 0 .0003 0 0 .0007 .003 0 .007 0 .15 0 .007 .0007 .003 0 

II ~ ', 

'·' 
003 .03 .015 0 .015 . 07 .0015 0 .07 0 .015 0 .3 0 • 7 .003 .15 .015 • 015 0 

.0015 0 0 0 0 0 .003 Tr. 0 .003 .003 0 . 015 Tr. .07 .005 .0015 .0003 .007 0 

Miaera1o_.tes-Contlnued 

u: iU 0 0 0 0 0.015 0.007 0 0 0.03 
0 0 0 0 0 .015 0 0 .07 

11.5 
0 0 0 0 0 .03 0 0 .07 

.03 0 0 0 0 0 0 0 0 0 

.15 0 0 0 0 0 .015 0 0 .03 
1 , )5 0 0 0 0 0 .007 0 0 .07 
' 003 0 0 0 0 0 .007 0 0 0 
I .007 0 0 0 0 0 .007 0 0 0 

.003 0 0 0 0 0 .015 0 0 .003 
! .003 0 0 0 0 0 .007 0 0 0 

l..t.b :-.""o. 250805; gray mudstone w1th pyrite in fractures 
r 1h ="o. 2.S6491; coffinite-bearing carbonaceous matenal separated from sample 2. 
1 1h ~o 256494; coffinite-chalcopynte·bearing carbonaceous material separated 

from sample 3. 
IAh ~o. 256525; uraniferous carbonaceous material separated from sample like 

""lll1PIC2. 
l .. lh. No. 256492; impure coffinite-bearing carbonaceous material from veinlets in 

..... pie 6 • 

• how less conspicuous correlations with uranium con
···nt. though the increases of chromium, copper, and 
rttanium may not be significant. 

Average tOnkTil (pere<nt) 
Sampl<~ Samplu 

containing contammg 
ku than mor~ than 

Ekmt111 0.01 u 0.01 u Ba ________________ _ 
0. 033 0. 065 Cu ________________ _ 

. 0019 . 0024 Ni ________________ _ 

. 0007 . 0019 
~----------------- . 0011 . 0012 " Ti ________________ _ 

. 05 . 07 

Four mineral separates (table 14) show the miner
.!n:.ri•· distribution of some of the minor elements. Iron 
" the coffinite concentrate (sample 2) probably reflects 
i'Hite impurities. Aluminum, potassium, and magne
·•11111 are most abundant in the vanadium clays; the asso. 
'wion of magnesium with this deposit (table 13) and 
''"' with the Jaekpile and '\Vindwhip deposits may 
n•llti(\t. the grea.ter abundance of va.nadium-bearing clay 
"1 'he Pit I deposit. Cadmium was detooted only in 
· 111adium clay (s:unple 4). Lead and chromium are 
' '"'' abundantly associated with coffinite. The um
. ·: f<·l1nts carbonaceous matter contains tt large suite of 
~ •n··t>:u·th elt>ments: cerium, dysprosium, erbium, gado-

nnun, lantlmnum, neodymium, scandium, yttrium, and 
'tlo•t·hium. 

( lno appt'OO.Ch to the problem of determining tlte 
••!lr,•e of uranium, vanadium, and other elements in t.he 
"uuly mine ore is to compare element variations in tl1e 
''"' It ahle13) wi•th elements in unaltered red :md altered 

0.07 0 0. 0007 0 7.0 0.007 0.15 0.03 0.03 0 
• 7 0 .015 0 M .03 .07 .007 .015 0 
.15 0 0 0 If .015 .03 .003 .015 0 
.07 0 .07 0 3.0 .015 .15 .03 .15 0 
.07 0 0 0 .7 0 0 0 .0015 0 
.03 0 0 0 1.5 0 0 0 .007 0 
.003 0 0 0 0 0 0 0 .007 0 

0 0 .007 0 0 0 0 0 0 0.00 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 

12. Lab. No. 256531; pyrite separated !rom sample slnular to sample 2. 
13. Lab. No. 256532; pyrite separated from sample 3. 
14. Lab. :!'lo. 256529; pyrite separated from sample 5. 
15. Lab. No. 256533; pyrite separated from replacement of sandstone by pynte. 
16. Lab. No. 256530; pynte separated from sandstone. 
17. Lab. No. 256528; pyrite separated !rom pyrite.calclte.dolomlte vug filling. 

white sandstone away from ore (table 2). The abun
dance of vanadium decreases markedly from red to 
white sandstone; the abundance of uranium decreases 
from 2 to 1 part per million. If these analyses are cor
rect and if the same results are fotmd for many other 
samples, the Entrada Sandstone may well be the source 
of vanadium and uranium in the ores. Other elements 
show less consistent relationships. Abundances of iron, 
copper, titanium, silver, lead, and zinc decrease from 
red to white sandstone, or were detected only in red 
sandstone. Of these elements, lead and possibly copper 
and titanium correlate with uranium in the ore, but they 
are no more abundant in ore than in unaltered red 
sandstone. Of the elements listed in table 2, only ura
nium, Yanadium, magnesium, chromium, and strontium 
are more abundant in the ore than in the unaltered red 
sandstone. 

Sll'lf:MARY OF MINOR·ELEM'EliT DATA 

The minor elements that seem to be preferentially con
centrated in the four uranium deposits for which da:Ut 
are available are listed in table 15. In addition to ura
nium, elements that are probably or possibly extrinsic in 
all four deposits are beryllium, cobalt, chromirun, cop
per, lead, V<tnadium, ytt.rium, and ytterbium. Of these 
elements and those that mny be extrinsic in one or more 
deposits, beryllium, calcium, titanium, manganese, 
boron, h"ltllium, gennanium, and l!tnthanum do not 
ltppem· in the list of elements that are probably or pos· 

,y:c t;; # ;¥ 1,: ;p;e ~:-
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TABLE 13.-DiBtribu!ion of minor elements relative to uranium, in percent, in Pit 1 deposit, Sandy mine 
[Determined by semiquantitative spcctrograpblcanalYBis by r. J. Dunton and J. C. namltton,exccptas Indicated. O,loolrod lor but not detected; .• , not looked lor; Tr., near threshold amount or element; <, le!S than 

number shown, but standard sensitivities do not apply] 

Laboratory No __________ 250784 250780 250782 250783 250776 250778 250785 250774 250777 250771 250779 250781 250766 238438 250767 250769 250772 250768 250775 238437 250773 238436 

---------------------------------------------------------------
u '~-~-----~------------- <O.OOI 0.00! 0001 0.001 0.002 0.003 0.002 0.003 0 003 0.004 0 005 O.OOG 0.007 0.008 O.OU5 0.1 0.28 0.32 0.39 0.62 1.22 1.38 v ________________________ 

.007 .oa .003 .003 .03 .03 .03 .007 .03 .003 .015 .015 .03 .07 1,112 1.353 1,302 •.23 .03 I, 756 1.392 1,498 
F•---------··------------ .3 .3 .3 .3 .3 .3 .3 0 7 .3 .3 .3 .15 .3 .7 . 7 .7 .3 .7 .3 1.5 .7 .7 
Mg .. ---·-··-----·------- .3 .a .3 .3 .3 .3 .3 .3 .3 .3 .3 .3 .15 .7 0 7 .7 .7 .3 .3 1.6 .7 .7 
TL-------·------------- .07 .oa .03 .03 .03 .03 .03 .07 .03 .07 .03 .16 .03 .07 .07 .07 .03 .07 .07 .15 .07 .03 
1\tn .••• ---------------·-- .03 .03 .03 .03 .07 .03 .03 .07 .03 .03 .07 .03 .03 .07 .03 .03 .07 .03 .03 .07 .03 .07 
B------------------------ 0 0 0 0 0 0 0 0 0 0 0 0 0 Tr. .003 .003 0 0 0 .007 0 .003 
Ba .... ------------------ .03 .03 .03 .03 .03 .03 .03 .03 .03 .03 .03 .07 .03 .03 .15 .o3 .03 .03 .03 .07 .03 .15 
B•----------------------- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .00015 .00015 0 0 .0003 .0003 .00015 
Co .••• -------·---------- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .003 .003 .003 .003 .003 <.007 .003 
cr.---------------------- .0007 .0007 .0003 .0007 .0007 .0007 .0007 .0015 .0007 .0015 .0007 .003 .0007 .003 .0007 .0007 .0007 .0015 .0007 .003 .0015 .0007 cu ______________________ .0015 -0015 .0015 .0007 .0015 .0015 .0007 .003 .0015 .003 .003 .003 .003 .0016 .003 .0015 .0015 .003 .003 .0015 .003 .003 
Oa •.•• ------------------ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .0015 .0003 .001~ <l<J ______________________ 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 <.005 0 <.005 La _______________________ 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .007 Tr. 

l\10---------------------- 0 0 0 0 0 0 0 .0007 0 .0015 .007 0 0 0 0 .0015 0 0 .0015 0 .0015 0 
NL.-------------------- .0003 .0003 .0003 .0003 .0007 .0003 .0003 .0015 .0003 .0015 .0007 .0015 .0016 0 .0007 .003 .0015 .003 .003 .0015 .0015 .0007 
Pb •••• ---·----·--------- 0 .003 0 0 .0015 Tr. .0015 0 Tr. .0016 .0015 0 .007 .003 .003 .015 .016 .007 .003 .07 .015 .07 
Sr.-------·---------·-·-- .007 .015 .007 .007 .ou; .015 .007 .015 .007 .016 .016 .015 .015 .007 .016 .015 .015 .015 .015 .007 .015 .007 
Y .••.. ---·----·--------· 0 0 0 0 0 0 0 0 0 0 0 0 .0015 0 0 .0015 .003 .0015 .0015 .003 .0015 .003 
Yb ••• ----··---·--------- 0 .00015 0 0 .00016 .00016 .00015 .00015 .00016 0 .00015 .00015 .0003 -------- -------- -------- ------- ... -------- .00015 -------- -------- --------Zr _______________________ .007 .007 .007 .007 .007 .007 .007 .016 .003 .003 .015 .015 .015 .007 .007 .007 .007 .007 .007 .03 .007 .007 

---- ----
1 Determined by chemical methOds. AnalySts: G. S. Erickson, H. H. Llpp, Claude HUftman, E.1. Fennelly, W. D. GOBS, D. L. Schafer, and 1. S. Wahlberg. 
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TABLE 14.-Jfinor·element content, in percent, of jour samples jrmn the Pit I deposit, Sandy mine 

"-rr,:~ 1uant.itativc spectrographic analyses, by N. M~fti~l~!d~ !ofa~~i~~~:~~;:~ff~:!di:~J: ~~~d C:~~::f1~d; <,less than number shown but standard 

AI Fe Mg Ca Na K Tl Mn ~ Ba Be Cd Ce Co Cr 

0.3 1.5 0.07 0.3 ··------ 0 0.3 0.003 0 0.015 0 0 0.3 0.015 0.0007 
3.0 7.0 .7 3.0 -------- 0 .7 .111 0 .7 0 0 0 0 .015 
7.0 1.5 1.5 1.5 7.0 .15 .111 0.03 .15 0.003 0 0 <.01 .0007 
7.0 3.0 1.5 1.5 7.0 .111 .111 0 .7 .003 <0.1 0 <.002 .00015 

81 Sample No. 

Sample No. Cu Dy Er Oa Od La Mo Nd Ni Pb ~c Sr U V Y Yb Zr 

0.03 ~~-0--~ 0.015 0.015 ~ 0.007'----;;:; 0.0111 ~--;; 0.0111 ~~---;.;-
.015 0 0 0 0 0 0 0 0 .3 0 .03 M 1.5 .03 0 .111 
.0111 0 0 0.0015 0 0 0 0 .003 .15 0 .0111 1.5 1.5 0 0 0 
.0003 0 0 0 0 0 0 0 0 .07 0 .03 7.0 18.6 .015 <.002 

(luantltatlve spectrographic analysis by N. M. Conkllo. 
DESCRIPTION OF SAMPLES 

f ·'" so. 256493; uraniferous carbonaceous matenal from small concretion with pyrite; jet black, coaly, specific gravtty <2.3. 
t ,,h So. 256400; coffinite concentrate from highMgrade ore, trace amounts of quartz, clay, and pyrite as impurities; speei1lc gravity >3.3. 

\L1tt'rial may contain httle or no carbonaceous matter. 
1 r •b So. 256495; vanadiferous clay whtch g1ves roscoclitehke X·ray powder pattern; may contain some coffinite as impurity. 

f ah ~o. 279598; same material as sample 3. 

-.t.!) I'Xtrinsic elements in some deposits, as compiled by 
:-!onNnaker, Miesch, Newman, and Riley ( 1959, table 6). 
t If the elements in this list, sulfur, phosphorous, sele
r,:um, tin, and thallium are not included in table 15, 
""in~ to inadequate data. In the \Voodrow deposit, 
howt'ver, sulfur is undoubtedly extrinsic. The lack of a 
.1:-tinrt correlation between sulfur and iron, uranium, 
or darkness in Jackpile and \Vindwhip ores suggests 
r hat sulfur (in pyrite) may not be more abundant in ore 
r!,,,n in barren sandstone. However, extrinsic sulfur 
'"i~ht easily have combined with intrinsic iron. 

CARBONACEOUS MATTER AND FOSSIL WOOD 

I· raniferous carbonaceous matter that darkens the 
1,o-t ~:mdstone, coats sand grains, and locally impreg
nah•s the rock is an a:bunda.nt epigenetic component of 
uranium deposits in the Jackpile sandstone. In addi-
1 •on, fossil wood debris, some silicified and some coali
lil'.(, is present in and near the uranium deposits, and 
Lla.·k carbonaceous shale is abundant in the Dakota 
~.ln<lstone directly overlying the J ackpile sandstone. 
\ knowledge of the origin of these materials, of why 
-nnw nre uraniferous and others are not, and of the 
'ho•mieal and structural nature of the association be
'""''11 uranium and carbonaceous materials is essential 
to a complete understanding of the uranium deposits. 
n,,.,., problems have not been solved, and the data pre
"'lltt•d must be considered preliminary. 

Carbonaceous matter similar to that in the uranium 
deposits in the Laguna district is common in uranium 
deposits in many parts of he world. It has been called 
by various names, including thucholite, asphaltite, 
uraniferous carbonaceous mineraloid, and carburan. 
Some of these terms imply a genesis that is far from 
universally accepted; others have lost their originally 
intended meaning. The tenn "thucholite," for example, 
has been applied to various uraniferous carbonaceous 
materials that contain no thorium, contrary to the orig
inal application (Davidson and Bowie, 1951; Hoekstra 
and Fuchs, 1960, p. 1717). The carbonaceous matter in 
the Temple Mountain district, Utah, has been called 
"uraniferous asphaltite" (Hess, 1922), a term which 
implies petroliferous origin. More recent literature 
on that district (Breger and Deul, 1959; Pierce and 
others, 1958; Kerr and Kelley, 1956), howe\·er, shows 
that the origin of carbonaceous matter there is still con
troversial. Carbonaceous matter in the ores of the 
Ambrosia Lake and Laguna districts most closely re
sembles ·'nonasphaltic pyrobitumen" in Abraham's clas
sification (1945, v. 1, p. 62), because it is infusible, in
soluble in organic solvents, and contains oxygenated 
bodies. This implies that it is similar to coal, but it 
does not prove a coaly origin. In view of its uncertain 
origin, we do not use a genetic term in this report for 
uraniferous carbonaceous matter. 

TABLE 15.-Minor elements concentrated in ores from the Jackpile, Windwhip, Woodrow, and Sandy deposits 

(C, concentrated; PC, possibly concentrated] 

\liM Fe Mg Ca Tl Mn Ag As B Ba Be Cd Co Cr Cu Oa Oe La Mo Nl Pb Sc Sr Tl V Y Yb Zn 
--·--------------------------------------------

: :\;~~"·::::::: ~--- c ---- c c c c PC c PC c c ------ ---- c ------ 'yo" ---- c c c ---- ---- c c c 'p(J" ·c· '¥6" c ---- c PC c PC c PC ---- PC c ·c· ·Fe--
-l~- ·c· ·c· ·c· l'C c l'C c '¥6" PC ·c· c '(j"' ------ l'C c c 

lo\o.": tr .. c '(:"" ---- ------ ---- ·c· c c c PC PC c ·c·-- ·c· c c c PC ------ ---- c c PC ·-------- ---- ------ ---- ---- ----

·· --····- ·~"~-·~-~..,_-.. __ "!i!i&$1!tlllll441!113lflll!llli41114111!illli!I!!QIIQI!!.XIIIIIUIIItiiiiC!I!I#I.II,I1111141!1211111_1=1!1QIIIilll, l!!llllii!I!.UIIII.!II4111~1!114IJI!Ik2111!1M.U1!_~11'121l1J'lllf!fll!l!lf" . . 
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74 GOOLOGY .AND URANIUM DEPOSrrs OF THE LAGUNA DILS'l1R!ICT, NEW MEXICO 

We use the general term "carbonaceous ma(ter" 
(Grang!'l' and others, 1961, p. 1195-1196) for all such 
e:trbona<.>cous materi:tls that impt"t'gnate, replace, ot· fill 
fractures in s:mdstones and mudstones; are CS&'ntially 
insoluble in neids, alk~tlis, and or~mic soh·ents; and 
are commonly associated with uranium. All known 
earbona<.>eous mattet· in the Lagun:t distriet. eontains 
uranium, n,nd avn,ilable datil indicate that it is simihtr 
in habit, physical properties, composition, and stmc
ture to that of the Ambrosi:t Lake district (Granger 
and others, 1961). The term "fossil wood'' is ~served 
for all originally woody material that has b~n coalified 
or silicified in place. 

FOSSIL WOOD 

Silicified logs are locally abundant in the J ackpile 
sandstone and seem to be most common near the Jack
pile and ·woodrow mines, where they are confined 
ln,rgely to a zone n,bout 10 feet thick near the middle of 
the J ackpile. The sandstone in this zone has somewhat 
more silica cement than the overlying and underlying 
sandstone and in outcrops tends to stand out as a topo
graphic bench. Individual logs are as much as 3 feet 
in diameter and 60 feet long. They are knobby, but 
branches are absent. Though thoroughly silicified, the 
logs still show woody stmcture; the silica ranges from 
light brownish orange to light gray. 

Other, sparsely distributed fossil logs in the Jack
pile uranium deposit a.re light gray to black and are 
strongly mineralized. Such logs are partly silicified 
and partly coalified. The silica is veined and embayed 
by uraniferous carbonaceous matter, vanadium clay, 
and pyrite. Woody stmcture is well preserved both by 
silica and by carbonaceous matter, which has a metallic 
luster. As seen in samples viewed under the reflecting 
microscope, quartz commonly forms the cell walls, and 
carbonaceous matter forms the ceil centers. Specimens 
from veinlets of carbonaceous matter can be scratched 
with difficulty, have a conchoidal fracture and a dull 
black to submetallic luster, and commonly give an X
ray pattern for coffinite. Coalified wood, particularly 
that near the margins of logs, is soft and slightly com
bustible, shows woody stmcture in polished surfaces, 
and is less radioactive than the harder material. 

One small markedly flattened coalified twig, which 
apparently was flattened during compaction, was found 
on the west side of the North ore body. The twig is 
about 1 inch across and 1;2 inch thick. It is jet black but 
does not support combustion, has a vitreous luster and 
!t conchoidal fracture, and gives a co1fmite X-ray pow
der pattern. Viewed in polished section it appears to 
be made up of a fine intergrowth of two different ma
terials-a relatively soft dull-gray substance, probably 

a cnrbonaceous substn,nce, and a relatively hard metalh 
substance, probably coffinite. Undet• crossed ni(•(lj. 
both m:tterials are weakly to moderately anisotr01,, 
and show erosshatch extinction patterns. Sm:tllnl'l'l.· 
of the section show relict cell stmcture. The metalh 
subst~mce is most abundant within cells, whereas t}., 

duller material is most. abundant in the cell walls. T!,. 
metallic. material 1·ei.ns the dull material. The l't'l. 
structure grades into areas of intergrown metallic lllH 

dull materials. , Around the margins of the twig, a 
mixture of both substaqces impregnates and emba1,, 

sandstone; this indicates that . the twig had SOI;1t 

mobility. · 
The sandstone pipe on the east side of the Jackpilt 

deposit (pl. 6) contains much nonuraniferous coalifiN 
:fossil wood, especially tiear its top. Most of this ma 
terial is about 30 feet above the top of the main Jackpi!t 
ore layer. Two bulk samples show 11 and 13 ppn. 
(parts per million) uranium; equivalent uranium detl't 
minations give about the same values. The :fossil wo<•i 
ranges from microscopic particles to fragments as mue: 
as an inch across. Three physically different types (I! 
material are present: jetblack coal that has a conchoida! 
fracture, brown coal, and a friable substance that look· 
like charcoal but is similar to low-rank coal (I. A 
Breger, written commun., 1958). The brown coal fom.· 
fibers and "roots" in small areas of the collapse featum•. 
All these materials support combustion. 

Infrared spectrograms of the three kinds of coaln· 
veal greater abundances of aliphatic CH and CII 
groups than do the spectrograms for the uranifero•a• 
coals and carbonaceous matter (fig. 24). 

BLACK SRALE 

Black shale is abundant in beds as much as 2 feet thid. 
at the base of the Dakota Sandstone, and at many lewl· 
within the unit. Like the fragmental carbonaceou· 
material in the collapse feature, it is nearly barren (I! 
uranium, containing 5 and 6 ppm uranium in 2 Lull. 
samples. The shale is fissile and dark gray and em. 
tains sparsely disseminated fine-grained pyrite an•l 
small pockets of a white waxy substance. This ~ui· 
stance gives a largely aliphatic infrared absorptiu• 
spectmm that is very similar to that for a resin: tl.• 
chief difference is that resin lacks the paraffin· alr.::c~rJ• 
tions between 13.5 and 13.9 microns (fig. 21). ·n· 
waxy substance may be a resin that was depositetl wit! 
the coaly black shale. 

CARBONACEOVS liiA"rTElt 

Carbonaceous matter that coats sand grains an•l l(J 
cally impregnates sandstone is abundant in the ores ,,! 
the J ackpile sandstone and may be present in all 111'3 

nium deposits in the district. It markedly darken• tl•• 
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n.wRE 21.-Infrared spectograms. A, white waxy substance 
frmn blaek shale in Dakota Sandstone, analyzed by Spectran 
I.tboratories, Denver, Colo. B, Parco resin 510, analyzed by 
Jn·ing A. Breger. 

• .rl's, and, as it is uranium bearing its distribution marks 
t Itt• distribution of the ore. De~osits in the Entrada 
.'andstone and in the limestone of the Todilto Forma
: :on evidently contain far less carbonaceous matter but 
111 these deposits, too, it may have genetic signific~nce 

DISTRIBUTION, HABITS, AND PROPERTIES 

Two suites of shade-graduated samples, totaling 21 
,,unples, from the Jackpile and Windwhip deposits re
I Pal a close correlation between darkness and organic 
··arbon con_~ent. Two sequences of 5 samples each were 
ra.ken vertically across exposed ore near the south end 
o! the North ore body in the Jackpile mine, and 11 
-ampl_es were obtained in and adjacent to the 1Vindwhip 
•lt>pos1t (table 10; fig. 20). The samples were individu
. dly crushed and mixed to give homogeneous shades and 
Wl're then compared with the N-O (white-black) scale 
111 the ·'Rock-Color Chart". The shade values of this 
,,.,tJ~> ra~1ge from 1 (black) to 9 (white); the s:unples, by 
;··:lll~l:lris?n, ranged from 8 ( vt>ry light gray) to halfway 
· ~ t 1\l'Cn 3 (dark gray) and 2 (grayish black). The 
•·rror of color determination is about one-half of one 
11111'1Tal, 01· 0.5 numerically. Total carbon, mineral car-
1••n, and organic carbon were then determined for all 
':!lliple~ (1Vayne Mountjoy, analyst). Total carbon was 
·~:'~l.'rnun~d by tube-fumace met:hod; mineral carbon, by 
l-:·1 ·~~met.ric method; and orgamc carbon, by difference. 
, \ l~ually dett>rmined shade values plotted against 

• 111'11\teally determined percentage of organie carbon 
,how 't cl I t' be , ' ose COITC a .1on tween gmyness and ca.rbon 
'h" ·)·)) Tl b I . . · ..... -- · 1e ca.r on, mvmg a relatively low specific 
j.!ranty, occupies a much gl'{'~ltei· \'Oiume per unit wei"'ht 
1 
han. a~w of the other col01·ing substances ( cotlin'ite 

iii'Lilln t d' . ' • t e, vana nun nncas, and claw) :md unquestion-
ahly :tceounts for most of the d:u-k;1ess of tl1e ores. In 
pla(·es, of course, the shade is slightly modified by yel-

ow and brown oxidation products of pyrite, coffinite, 
and uraninite, but this does not materially affect the 
relation between shade value and organic carbon. 

Organic carbon, possibly the same type, is present in 
smaller amounts in the Pit I deposit :tt the Sandy mine 
As in the deposits in the Morrison Formation, the un 
oxidized parts of this deposit in the Bntrada Sandstone 
are various shades of gray, in contrast with the nearly 
white barren S3Jldstone. The darkness of the low-grade 
mineralized rock is imparted by vanadium clay, coffi 
nite,. and uraninite, as well as carbon, for organic car
bon IS not abundant. The nearly black shade of high
grade ore is attributable to coffinite and uraninite. 
These relationships are summarized as follows: 

Sample and location Shade value 

A 1ft above ore _______ Light gray to very 

B Ch1ps across ore ____ M!'31:JJYlii.t gray--
c High-grade ore Dark gray to black._ 

layer. 
D !It belOW OJ'e _______ Very llgbt gray ______ 

u 

0.004 

.095 
1.38 

.003 

Percent 

v,o, 

<O.l 

.20 

.89 

.001 

Mineral Organic 
carbon carbon 

2.93 0.06 

.09 .15 
1.34 .07 

2.81 .07 

The low-grade ore (B) contains slightly less uranium 
and slightly more vanadium than average Sandy mine 
ore (table 7). The organic carbon content of this 
sample (0.15 percent), which is propably typical for 
average ore, is only about twice that of barren rock a 
short distance above and below the uranium deposit. 
The paucity of organic carbon in the high-grade sample 
suggests that uranium is not as closely assoeiated with 
carbon as in the ores in the J ackpile sandstone . 

In the ores of the Jackpile sandstone, uranium con
tent generally increases with carbon content; but ma
terial that contains the most organic carbon does not 
necessarily contain t:he most uranium. Ore grade can
not be determined by darkness, although the boundaries 
of ore closely correspond to the boundaries of zones con
taining relatively abundant organic carbon. These 
relationships are summarized in figure 23, in which per
cerrtage of uranium is plotted against chemically deter
mined and infen-ed percentage of organic carbon. 
Inferr-ed organic carbon content was obtained by con
\"ert.ing darkness to organic mrbon using dat:t in figure 
22. Obviously, the assumption that organic carbon 
accounts for all of the gmyness is not wholly con-ect; 
but shade value, in the absence of analytic chemioal data, 
probably gives the best indication of approxima;te or
ganic carbon content. 

Two chara.cterist.ic habits of carbonaceous matter are 
distinguishable in typical gray sandstone ore at the 
J:tckpile mine. In ore that eontains abundant carbon 
(as much as 2 percent but relatively Iitle uranium less 
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FIGURE 22.-Relation between rock color and percentage of organic carbon for uranium ores in tbe Jackpile ami Wind"l"i' 
mines. Color values are based on "Rock-Color Cbart" (Goddard and otbers,1948). 

than 0.5 percent), the uraniferous carbonaceous matter 
is typically uniformly distributed through the sand
stone, where it thinly coats each sand grain. It is dull 
gray and soft. In ore that contains small amounts of 
carbon (about 0.3 percent or less) and large amounts of 
uranium (more than 0.75 percent), the uraniferous car
borracoous matter forms aggregates 1-2 millimeters 
across that solidly cement several sand grains. It is 
submetallic gray and hard. All gradations exist be
tween these extremes. 

At places uraniferous carbonaceous matter also forms 
veinlets in silicified logs, mammillary coatings on mud 
galls, and botryoidal masses along the ring fault of the 
sandstone pipe in the Jackpile mine. 

Hardness, specific gravity, and luster (from dull gray 
to submetallic) appear to increase with increasing ura
nium content, though quantitative data are not available 
to verify these relations. The specific gravity of the 
cat•bonaceous matter is extremely variable, ranging 
from much less than 2 (floats in a bromoform-acetone 
mix•ture of gravity 2) to more than 3.3 (sinks in methy
lene iodide); presuma:bly the matter with the highest 
gmvity contains the most uranium. The highly uranif
erous carbonaceous matter is much harder than the 
less uraniferous carbonaceous matter and the nonuranif-

erous coals. Friedel and Breger (1959) attrihutt·d 1 '·' 

marked hardening of irradiated coal to an in('n';'-"' . · 
polymeric structure. 

Uranium minerals in the massive variety of •·ati•· 
naceous matter is not homogeneously di't ribut.·: 
Polished surfaces magnified about 1,000 tin11•s ... ~. .. ,. 
blebs of a dull-gray substance, probably carbon:l•'""' 
matter, embedded in a matrix of a submet.allic sub~t:l!: • 

possibly coffinite or uraninite, or both. At pl:u·t·>-. a····· 
of blebby texture grade into areas in whi<'h t lw '" · 
metallic substance forms anastomosing veinh•ts 111 ·' · 

dull-gray substance. These textures cannot II{~ n·.•• .. 
ably interpreted on the basis of available data. 

One specimen of uraniferous carbonaceous 111.11• I 

collected by Arthur P. Pierce, of the l].H. <iN>ln::: 
Survey, from the ring fault. gave the follow ill)! • ;,. ' 
cal analysis (Clark Microanalytic Laboratorit''· ·''· 
1958): 

Cbmpomtll c _________________________________ _ 
11 _________________________________ _ 

~---------------------------------Ash--------------------------------

/'tt(tnl 
AI rettivtd , t1l t.n 

72.00 ~~·· 
4.04 
. 2·1 

11. H6 - 88. J-i 
O+S (by difference).________________ 11. !Ill 

""100. 00 "'j(Ml " 
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f't•-• RF. 23.-Relatlon between uranium content and organic--carbon content, .Jackpile and Windwhip deposits. Cross 
mdicates chemical analysis of organic carbon by Wayne Mountjoy; dot indicates organic carbon content inferred from 
rock color. 

l'i:t· ,ample also contained 3.6 percent uranium as well 
• · a suite of other minor elements (table 9, sample 1). 

INFBARED ANALYSIS 

Infrared spectrograms of impregnating and botry
•.ol t1 uraniferous carbonaceous matter from the Jack

'" and 1Voodr-ow mines are similal' to those of frag
•'llfal uraniferous and nonurm1iferous low-rnnk coals 

' 1 "ill t hl' .Tackpile mine (fig. 24) and to spectrograms of 
·•nuranifet·ous coals from other parts of the world (I. 
\ Bt1'!-."\'t', written commun., 1960; Friedel and Queiser, 
' .• ;: llt·own, 1955). These similarities suggest. that the 

· "'••' 111oh.•cular structures exist in a.ll of these physically 
.. ·.: rast ing types of carbonaceous mattet·. 

\II thl' samples whose infmred spcctrog!'ams are 
'': n in figure 24 were prepared by compreBSing a 
11 1 amount of the mtrbonaeeous mater·ial into 300 
dt::rams of potassium bromide (I. A. Bn·~er, written 

'"' 1111 1111., l!JGO). In most Slllllllles about o.i mil!itrraJu I .,.. 

· -~rhonn\'l'ous nmtet·ial was used, but lar:,TCr amounts 
'· 11' 11"'.•\1 in samples H and K. For this and other 
.,.,,.ms, tho ttmplitudes of the absorption troughs mn-

not be compared from one sample to another. Only the 
positions and relative amplitudes of the absorptions 
within samples are significant. 

Alt-hough the relative amplitudes of the largest ab
sorptions shown in figure 24 differ from those of Friedel 
and Queiser (1956) and Brown (1955), the positions 
are about the same. One of the most conspicuous 
absorptions in figure 24 is near 6.2 microns; this ab
sorption is produced at least in part by oxygennted 
:tromatic structure (I. A. Bn•ger, written commun., 
1960; Friedel mtd Queiset", 1!)56, p. 30). The absorp
tions near 6.9 and i.2 microns represent CI-I2 nnd CH., 
groups n'spectively (Friedel and Queiser, 1956, p. :W). 
The conspicuous absorption IH'al' 3.5 micmns in speci
mens H, I, J, and K (fig. 24) suggests the presence of a 
resinous substtwce (I. A. Brege1·, written commun., 
1!J60; also. compare with fig. 21). 

All the cun·es show :t strong absorption at. about 2.!J 
microns. This is atti·ihutahle to the hyd1·oxyl group, 
but as bot.h the carbonaceou:l matter and potassium bro
mide h:we ad:lm·bed water which is difficult to remove. 
it is not. known how much of this hydl'Oxyl is struc-

.'.& 
tt 5 .i 
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FIGURE 24,-Infrared spectrograms of nonuraniferous coals and uraniferous carbonaceous materials from the 'Woodrow 111 

J ackpile mines, Sample A collected by Alice P, Corey ; infrared spectrogram by Spectran Laboratories, Denwr · .-.. ! ' 
All other samples collected by R, H, l\loench; infrared spectrograms by Irving A, Breger, 

turally combined in the carbonaceous material and how 
much represents adsorbed water in the sample, (I. A. 
Breger, written commun., l!JGO). Possibly the carbona
ceous material :tequired much atmospheric water in the 
course ()f grinding. To test this possibility, .\.lice F. 
Corey, of the Atomic Energy Commission, ground and 
sieved sample A (fig. 24) into three size classes ranging 

from a fine powder to coarse fmgments, and Sp•·· 1 r · 
Laboratories, Denver, Colo., made infrare..l ~~··· 1

' 

grams for each size class, The spectrograms .,( 1 

coarsest and finest ground carbonaceous wnt~r~:d 
shown in figure 24. The absorption at 2.!1 11111'1'"11 " 

strong for the finest material (curve AI) but al"• · 
for the coarsest (curve A2); thus, most of the watt·r :: 
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!Itt~ sample must have been acquired from the atmos-
1.iwl1' d111·ing grinding. Further, polished surfa~ of 

1rltonaeeous matter that are exposed to the atmosphere 
11 rmm temperahn'C and modemte humidity for several 
"''"ks nmy expand and crack their mounts owing to 
,, 1-orpt ion of water. 

.\11 oxahtte in the infrared spectrogram of a sample 
,.f loot r·yoidal uraniferous carbonaceous matter obtained 
it••tll the ring fault of the sandstone pipe in the ,J !U:kpile 
, 11 ,nt• was tentatively identified by Arthur P. Pieree. 
!'itt• earhonaceous matter is hard and vitreous to sub
:n•·tallie and gives distinct uraninite and faint coffinite 
\.ray patterns. The major absorptions for the car
"''"''·eous matter are identical with those for calcium 

.. \.date (fig. 25), so the presence of at least the anion 
,.,,date group in the carbonaceous matter is suggested. 
!'itt• cation is unknown. Only small amounts of calcium 
1 n· prPsent in the sample (table 9, sample 1) ; iron, lead, 
.. r -odium (not determined) are possible cations in the 
.. ,alate salt. 

:-'mall absorptions in curve D, figure 2-!, are similar 
"'-pacing to those in figure 25. 

ORIGIN 

The distribution and habits of the cn.rbonaceous mat
:~·r indicate that it is epigenetic and was introduced in 
:l11i1l form. This fluid could have been petroleum 
1 Btrdseye, 1957; Gruner, 1965a, 1958; Kerr, 1958; Rus
··11, 1!)38; Zitting and others, 1957; .Abdel-Gawad and 

1\t•IT, 1961), or it could have been humic acid derived 
fmm decaying vegetal matter (Gra.nger and others, 
I :•til). This controversy, which is still unresolved, 
·'"Ill' ft·om the fact that the carbonaceous matter has 
. .,.,.n altered by radioactivity from its original form, so 

10 11 12 13 1.. 15 

WAVELENGTH, IN MICRONS 

~·~(" 1u :!.1.--Comparisou of infrared nhsorptiou ~lll"ll(•trogrnms 
n( hutr,\'oidnlnrnnift_"rOUS C"Urhotul(."t."Oll~ lllttt1f"r from ring fnult 
'""'"HI eollul""-' f<"ntnrt•, .Tnl'kpile min<' Ul) nnd enkittm 
"''''"''' (8). Snmplt>s eolll'ett'tl by.\. l'. l'it•n:·l'; nnnlyzt'tl by 
~~·~·tran Lu.borntorlt•l:l, Dt•nver. Colo. 

that it is difficult to characterize the original substance. 
All !Wailable data from the Lagun:t district, combined 
with the data of Granger, Santos, Dean, and Moore 
(1961} for the Ambrosia Lake district, favor a humic 
origin for the carbonaceous matter. 

The infrared spectrograms of nonuraniferous and 
uraniferous coal fragments and of uraniferous carbon
aceous matter that impregnates sandstone in the .Jack
pile and ·woodrow mines (fig. 24) indic~tte that the 
structures of these diverse substances are closely allied 
(1. A. Breger, written commun., 1060). Like spectro
grams of typical coals (Friedel and Queiser, 1956; 
Brown, 1955), these spectrograms indicate a dominance 
of oxygenated aromatic structures over aliphatic struc
tures. In fact, the three nonuraniferous combustible 
coal specimens apparently contain more petroleumlike 
aliphatic material than does any of the more contro
versial carbonaceous matter. Further, the spectro
grams of figure 24 differ considerably from those of 
Pierce, :Mytton, and Barnett (1958) for uranium-bear
ing carbonaceous mineraloids from Panhandle Field, 
Texas, Eddy County, N.Mex., and the Temple Moun
tain district, Utah, which evidently formed from or
ganic esters, acids, and other substances related to 
petroleum. 

In spite of inevitable radiochemical damage (Breger, 
1948; Charlesby, 1054; Pierce and others, 1958), it is 
likely that uranium-bearing plant extracts and petro
leum-deriYed materials would be distinguishable by 
infrared analysis. A possible example of such differ
ences was cited in the previous paragraph. Friedel and 
Breger (1959} showed that the aromatic and aliphatic 
constituents of coal are changed proportionately when 
subjected to radiation; the infrared spectra of irradi
ated coals are more diffuse than those of nonirradiated 
coals, but the wavelengths and relative intensities of 
the absorptions are unchanged. The proportion of 
aromatic to aliphatic structures is greater in coals than 
in petroleums (Friedel and Queiser, 1956; Brown, 
1955) ; though these structures will be damaged by radi
ation, their proportions should t'Cmain about the same, 
and their differences should be distinguishable by infra
red analysis. For this reason the similarities of the 
spectrograms in figure 24 to those of coal, as well as their 
dissimilarity to those of petroleum, 1tre good evidence 
for a coal or coal extract origin. Abdel-Gawad and 
Kerr ( 1961, fig. 1) showed !t somewhat dispropol,'tionate 
decrease in the amplitudes of aliphatic relative to 
!tromatic infrared absorptions when they heated as
plutlt to ;mooc, but they did not report whether this 
experiment was carried out in the absence of oxygen. 
If oxygen had bren present, their finding could be at-
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trilmted to differential oxidation of aliphatic and aro
ma! iG compounds. 

Tho tentative identification of an oxalute in one and 
possibly two specimens is further evidence for the plant 
derin1t ion of the uraniferous carbon:«:e.ous matter. Cal
cium oxalate (tho mineml whewellite, CaC,O, · H 20), 
for example, is a common associate of vegetal remains 
and coals (Palaehe and others, 1951, v. 2, p. 1100). 
Oxalic acid, regardless of what cation it roads with t.o 
form the oxalate s:tlt, is largely of plant origin. 

The chemic~) composition of uraniferous carbonace
ous matter from the s:mdst.one pipe in the J ackpile 
mine, whose low hydrogen content results from radio
chemical dehydrogenation, is similal' to that of many 
eoalified logs from the Colorado Plateau, and to that of 
sandstone-type ores in the Ambrosia Lake district, New 
Mexico, and at Gas Hills, Wyo. (I. A. Breger, written 
commun., 1959, 1960). These materials are closely al
lied to coal in composition, which suggests that they are 
coal or plant extracts. 

Petroleum or petroleum residue has not been found 
in the Jurassic rocks of the district and is not a likely 
source for the carbonaceous matter unless it has been 
flushed from other rocks. Although ,Johnson, ~IacFar
lane, and Breston ( 1952) showed experimentally that 
carbonated water can displace petroleum from sand
stone, the maximum displacement they obtained left 
about 5.5 percent petroleum saturation of the pore vol
ume of the sandstone. Different petroleums probably 
would give somewhat different results, but it is reason
able to infer that if petroleum were present in the rocks 
of the district, some residue of it should be detectable. 

Granger, Santos, Dean, and l\foore (1961, p. 1194) 
concluded that the carbonaceous matter in the Ambrosia 
Lake ores was probably derived from decaying vegetal 
matter. They listed three possible sources of water
soluble humic compounds: ( 1) highly vegetated swamps 
that covered Morrison sands during deposition of the 
Dakota Sandstone, (2) streams that transported dis
solved humic compounds from vegetated areas in the 
headwaters during Morrison deposition, and (3) plant 
debris that was trapped in the Morrison sands. They 
f:worec:l the first-listec:l possibility. 

The three possible sources listed by Granger, Santos, 
Dean, and Moore (1961) can be applied to the Laguna 
district as well. Here, black shale.~ representing 
swampy conditions are abundant in the Dakota Sand
stone directly over the Jackpile sandstone, as well as 
elsewhere; the presence of silicified and coalified plant 
fossils in the Morrison sanc:lstone sug!:,resf.s that vegeta
tion was locally dense during Morrison deposition; and 
plant fossils also provide a likely source of humic com
pounds after burial. 

The fact that plant. fossils appear to be more abundant 
in the vicinity of the.Tackpile sandstone than elsewlwrt· 
supports the local "internal source hypothesis" of 
Granger, Santos, Dean, and Moore, (1961, p. 1198). 
Around the marg-ins of the Jackpile deposit, plant fo>
sil:s, which include logs as much as 3 feet thick and GO 
feet long, are silicified. If silicification of woody ma
terial results in the release of soluble humic compounds, 
or if these compounds are extracted prior to silicifica
tion, this debris would provide a ready source of car
bonaceous matter. That. humic compounds are extrad
able in alkaline solutions from most woody materiab 
and coals is well known. Further, the fact that BI1'ger 
(written commun. 1959) was unable to extract humic 
acid from nonunmiferous low-rank coal from the col
lapse feature (fig. 2±, 'sample J) by using 5 percent 
alhli at 100°C indicates that the soluble humic com
pounds h:ld been preextracted from this sample by nat· 
ural processes. Alkaline solutions may have permeatPd 
the sands and removed the soluble humic compomHI• 
from the abundant plant fossils before or during silicifi
cation. The dissolved humic compounds could thrn 
have been precipitated at the sites of ore deposition by a 
drop in pH or by an increase in salinity (Vine all\! 
others, 19u8). Some problems of source, transportation. 
and precipitation of carbonaceous matter and asso('i
ated uranium are discussed in the section on origin of 
uranium deposits (p.105). 

ORE TEXTURES 

The relative time the principal components of uran· 
ium ores were introduced is a major problem of 
uranium-oro genesis. Textural relations between t lw 
ore minerals and carbonaceous matter in the ores of tlw 
Laguna district suggest, but do not prove, that. t}H'."' 

substances were introduced ahout contemporaneou-ly. 

J ACKPILE DEPOSIT 

Uraniferous carbonaceous matter is, volumetricall~. 
bv far the most abundant introduced component of rlw 
J~ckpile ores. For this reason, the chief texture, .. f 
the deposit are those that exist between this matpnnl 
anc:l sulfides, vanadium clay, and the detrital grains a~>J 
cement of the original sandstone. 

C raniferous carbonaceous matter embays the c~·nwu! 
in!! materials of the host sandstone and detrital -d: 
cates; where quartz overgrowths are present, i~ 1·ml>a_,. 
them too. These relations can he seen in t.ypJCal I!'"·'' 
ore and are most obvious in the mas;ive hig"h-l!r:s·k 
concentmtions of carbonaceous matter. In the ma•··" •· 
eoncentrations, deeply embayed detrital grain,. "1

' 

sparsely disseminated in tt matrix of solid ura.!llft·r-•·l'. 
carbonaceous matter. In the specimen shown m hl.."1r< 

'26F, detrital silicates with authigenic quartz 01 
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'~'""tIts nre strongly em bayed by opaque uraniferous 
• 1rl••nar·t•ous matter. This specimen is from 11 mass 
,( ,·:tt•honaceous matter about an inch thick that sur
,.11"1" :1 mud gall. The surrounding sandstone is 
· l!ht "olored, friable, clay cemented, and unmineral
,,.,J; authigenic quartz overgrowths surround indi-
.j".tl sand grains. Viewed in thin section, the 

.,: 11 tlary hetwoon the unmineralized sandstone and the 
,. 1,, of earbonaceous matter is marked by a thin zone 

"hwh the inte.rstitial clays darken toward the car
.,11.,,.,'<'>\lS matter; thin veinlets of carbonaceous matter 

t .. llo" mineral grain boundaries and small masses fill 
.,,,.,.., Inward, the carbonaceous matter becomes more 

,,,!lndant and occupies grain interstices at the expense 
,f ,·lay cement. Within the mass, detrital grains are 
!.-•ply embayed. Vanadium clay(?) partly surrounds 
. f,•11· quartz grains within the mass. At one place 
. lll:ulium clay(?) coats a quartz overgrowth which 
'i'l"':trs to be selectively embayed by uraniferous car
.• •n:tceous matter. 

;-;imilar replacement textures were observed in many 
!11n and polished sections of moderate- to high-grade 
.,,. ~:unples. At places concentrically banded struc

t·m•s outline the replaced detrital grains. Where 
,qrhi~enic quartz overgrowths occur, they are con
·r·:•·uous in unmineralized sandstone or low-grade ore 
'"It are deeply embayed by carbonaceous matter in 
: .• ·arby high-grade ores. 

;-;harp contacts between high-grade black ore and un
'"rneralized white or very pale orange sandstone are 
"'nmonly marked by ,thin light-olive-gray zones less 

·i, tn half an inch thick. They are most conspicuous 
•·ij:H'Pnt to the blackest, most massive parts of nearby 
··rtwal ore rods and masses of carbonaceous matter 

· i,·1t snrround mud galls or line intraformational faults, 
'··It ,imilar material also is disseminated through typi
.,1 ~rny ore. 

\"it>wed in thin section, the light-olive-gray zones con-
• I Ill li~ht-brown to olive-gray extremely fine grained 
... nm~eneous clay that locally fills interstices to the 
"lllpll•te exclusion of other substances (fig. 260). The 
'rdringence of the clay is at most rather low; it is 

· mahle within the distance between detrital grains. 
111 'l1s genl'mlly strongest near the detrital grains. Un
:.•r •Tossed nicols the chty exhibits mass I'Xtinction that 
.,,,,, to conform to detrital grain boundaries. Thl' 
•nahll' birefringence and mass e.xtinction appear to be 

·'nur plwnomeua. and probably are not characteristics 
1 !ht• minl'ral species that make up the mass. The 

~fr.wtiv!'l indices of the mass are somewhat greater 
'

11 lh~tt of balsam. Optic figures, where obtainable. 
"'' 111'1!:tti\'o with a small 2V; such figures are given by 
"'>:n•gntes containing innumerable clay particles. X-

ray patterns show that the clay is composed of kaolinite 
and mica, which at places coarsens to discrete flakes of 
what is probably vanadium clay. The vanadium 
clay(~) is more birefringent, darker olive gray, and 
slightly pleochroic. 

Textures ~uggest that the olive-gray kaolinite-mica 
mixtures have replaced kaolinite clots and other fine
grained interstitial materials and have in turn been 
replaced by uraniferous carbonaceous matter. Color
less kaolinite in unmineralized sandstone may lose its 
booklike l1abit toward ore, become darker colored, and 
blend into massive fine-grained olive-gray clay; or the 
olive-gray clay may embay clots of coarser kaolinite 

I along boundaries between detrital silicates and the clots. 
1 Other fine-grained interstitial materials and detrital 
1

1 

grains that appear to have been previously altered to 
clay also may be engulfed by olive-gray clay. 

Along the inner boundary of a light-olive-gray zone, 

I 

the kaolinite-muscovite mixture commonly grades 
sharply into opaque black submetallic uraniferous car
bonaceous matter (fig. 26D). Toward ore the amount 
of opaque uraniferous carbonaceous matter increases at 
the expense of the olive-gray clay. At places olive
gray clay is veined by opaque carbonaceous matter. 

\Vhere the olive-gray clay is absent, the contacts be-
' tween opaque uraniferous carbonaceous matter and 

kaolinite clots are sharp. The carbonaceous matter 
embays the kaolinite clots along contacts with detrital 
silicates. 

In places the ore has distinct black and white bands. 
The black bands are rich in uraniferous carbonaceous 
matter; the white bands, which are generally less than 
5 mm thick and follow bedding, intraformational frac
tures, or sandstone dikes, are rich in kaolinite. Thin 
sections show that the kaolinite fills pore spaces in fairly 
continuous layers, and these layers appear to have 
formed small barriers to the ore-bearing solutions. The 
textures, similar to those described above, suggest that 
the kaolinite is older than the carbonaceous matter. 

Silicified wood in the Jackpile deposit is black, gray, 
or brown; and it contains many vein lets and pockets of 
uraniferous carbonaceous mattt>r, vrumdium, clay, py
rite, and barite. Viewed in thin sections, the cell struc
ture is well preserved. The darker shades of gray, ob
served in hand specimens, are imparted by varying 
degrees of replacement of silic~t by black opaque uran
iferous carbonaceous matter. The carbonaceous matter 
inv:tdl's silim along cell walls nnd locally replaces large 
areas of silica. Vermicular trains of vanadium clay 
line many fractures; associated pyrite occupies frac
tures and interstices in the vanadium clay. The barite 
is in relatively coarse plates in fractures. It is com-
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A 

B 

monly colorless but is yellow near pyrite and uranif
erous carbonaceous matter. These textures indicate 
that the silicified logs have been replaced, but the age 
relations among the uraniferous carbonaceous matter, 
vanadium clay, pyrite, and barite are not clear. 

A typical veinlet of vermicular vanadium clay in a 
silicified log is shown in figure 26G. The vanadium 

0 

FIGURE 26-Relation of uraniferous material and vanadium 
clay to host rocks. A, Calcite cement (C) and detrital quartz 
(Q) replaced by "ranadium clay (V); Sandy mine. X 130. 
B, High-grade ore. Pit 1 deposit, Sandy mine. uc, opaque 
uranin!te-coffinite mixture; V, vanadium clay; C, calcite; Q, 

quartz; A, argillized grain; F, feldspar. X 130. 0, Sand
stone cemented by kaolinite-muscovite mixture, km; Jackpile 
mine. X 80. D, Gradation between kaolinite-muscovite mix
ture, km, and opaque unraniferous carbonaceous matter, uc; 
.Jackpile mine. x DO. E, Embayment of detrital silicates 
by uraniferous carbonaceous rr._ -P; Woodrow mine. X 125. 
F, Embayment of detrital silicates by uraniferous carbona
ceous matter; Jackpile mine. X 80. G, Vanadium clay 
veinlet (V) in silicified wood; .Jackpile mine. X 90. 
Photographs by Richard B. Taylor. 

clay is dark brown, slightly pleochroic to yellowish 
brown, and strongly birefringent. X-ray patterns are 
similar to those of roscoelite or muscovite. Hand
picked material contained 7 percent each of vanadium, 
potassium, and aluminum, as determined by semiquanti
tative spectrographic analysis (Nancy M. Conklin, 
analyst). 
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Pyrite is present in both ore and barren sandstone as 
''

1''rminated small cubes, but its relative abundance in 
•-l•·h is not known. It commonly forms abundant 
•ruallcubes and irre<Yular masses in (Yrny mudstone in 

t b ~ 

.,,, .• Jnckpile deposit, and it locally is nbundant in the 

.:r1Y rim surrounding the red, hematite-rich core of 
'"

1Wd mud galls. Pyrite is also present in high-gmde 
''

111'1•ntrat.ions of uraniferous carbonaceous m1ttter. 
l'lu•J't) it forms small veinlets between carbonaceous mat-

G 

ter and detrital grains that have been embayed by the 
carbonaceous matter, or veins and embays detrital 
grains and is locally embayed by carbonaceous matter. 

Galena has been found as small irregular grains in 
some of the l1ighest grade concentrations of uraniferous 
carbonnceous matter. 

Barite is sparsely disseminated in parts of the ore. 
ln one specimen of sandstone ore the barite is in small 
irrl'.gular grains that arc surrounded by pyrite . 
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WOODROW DEPOSIT 

'Woodrow om is not.a.hle for its high grade and n.bun
rlanco of sulfides n.nd for the variet.y of habits of the 
minerals it contains. Thus, it. :dso exhibits tt variety 
of orot.e.xturcs. 

As in tl1e J:wkpil€' deposit, excellent repl:tc.ement. te.x
t.ures luwe been produced where umniferous carbona
ceous matter has replaced ot·iginal detrital :md 
cementing m:tteria ls. 'Vhere most eonCI'Jlt.mted, t.he 
ur:miferous earbona.coous mat:ter occupies int.e.rst.ices, 
having replaced the original silt. :md clay, :md strongly 
em bays detrital fragments. 'Where quartz oYergrowths 
on sand g-rains were originally present, they remain only 
as relicts that ·are cut. sharply by the uraniferous car
bonaceous matter (fig.26E). 

In t.ypica.l high-gmde specimens the uraniferous 
carbonaceous matter coats grains of pyrite, fills inter
stices between pyrite grains, and embays pyrite to some 
extent. 'Where uraniferous cat·bona.coous matter is in 
contact. with calcite or dolomite, it commonly embays 
!.he carbonates along the cleavages. 

At places near the boundary ring fault, sulfide min
erals and uraniferous carbonaceous matter form box
work textures that are governed by the intersections 
between bedding and fractures. .M:egascopically, pyrite 
and marcasite form the intersecting \·einlets of the box
work; microscopic study, however, suggests that the 
uraniferous carbonaceous matt.er formed later than the 
sulfide minerals. Pyrite and lllltroa.site strongly embay 
the detrital grains; in turn, the uraniferous carbona
ceous matter coats the sulfides and embays them slightly 
along cracks, grain boundaries, a-nd growth lines. Most 
likely the pyrite and marcasite first invaded the rock, 
forming intersecting veinlets along bedding planes and 
fractures. Subsequently, umniferous carbonaceous 
matter impregnated and partly replaced the sandstone, 
and replaced the sulfides to a lesser extent. 

Pyrite and marcasite evidently replaced sandstone 
and mudstone. Although large hand specimens con
tain more than 90 percent int.ergrown pyrite and mar
casite, relict bedding is obvious; the outlines of the 
original sand grains can be seen in places. 'Where there
placement has not gone to completion, pyrite and 
marcasite fill interstices between sand grains; some 
grains of detri•tal quartz and feldspar are crossed by 
veinlets of the sulfide minerals. The isolated frag
ments of quartz and feldspar grains are optically con
tinuous and have not been disoriented; thus, the veinlets 
probably formed by replacem€'nt along eleavages and 
fractures. Pyrite and marcasite appear to have first 
tilled pore space, then replaced the clay cement and 
altered feldspars, and then inv:tded the fresh feldspar 
and quartz. This conclusion is drnwn from the obser-
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vation that. 'as degrees of replacement incrense, the re
maining de't.ri•t:1l gmins are pmgressively fresher; that 
i:<, less of the nltered material remains. 

Ch:tlcopyri'te is locally disseminated abundantly in 
the uraniferous mrbonnceous matter and is rarely not. 
associ:tted with ,this ma.teri:tl. Most. of the boundaries 
betwee-n clntkopyrite nnd cm·bonaceous matt.e.r do not 
show age relations. At. places short prongs of chal
copyrite e11."iend into uraniferous (l:trbonaceous matter. 

Oalcite, dolomite, pyrite, and marcasite fill some of 
the sparse vugs in the pipe. The dolomite lines the vug 
walls and penetrates the surrounding mudstone. Tlie 
~nlcitf', \vhich has good rhombohedral terminations, .... 
e'ncrusts the dolomite. Marcasite and pyrite are associ
ated mostly with the dolomite. Marcasite is concretion
ary, in radiating blades, and appears to ha\·e replaced 
dolomite. At some places pyrite forms the centers of 
the marcasite concretions; at other places it coats the 
concretions, apparently replacing dolomite at the 
boundaries. 

A bone fragment about 2 inches in diameter was 
found in the high-grade part of the ore. The core of 
the bone consists mainly of fine-grained a.patite and 
sand, whereas the outer part consists dominantly of 
apatite and has closely spaced concentric partings. The 
partings are filled with coffinite, pyrite, marcasite, and 
quartz. Coffinite was determined by X-ray; its distri
bution along concentric, radial, and irregular fractures 
was shown by autoradiograph. Viewed in polished sec
tion, the coffinite appears to grade sharply into softer 

' dull black apatite; in thin section a sharp gradational 
color change can be seen between opaque, probably 
carbon-bearing, coffinite and deep-brown apatite. 
Quartz veinlets cut coffinite. Pyrite is associated with 
both coffinite and quartz; its textures and distribution 
suggest that some pyrite formed cont.emporaneously 
with coffinite, some later than coffinite but earlier than 
quartz, and some contemporaneously with quartz. As 
seen under oil immersion at high magnification, some 
coffinite contains finely disseminated pyrite. This 
fine-grained pyrite is locally sufficiently concentrated to 
form larger areas of rough-reflecting pyrite. These 
areas and the coffinite are veined by smooth-surfaced 
pyrite, probably of the same generation as that which is 
associated with quartz. Some pyrite in the veinlets is 
strongly embayed by quartz, but some is so intergrown 
with quartz that the two appear to have formed simul
taneously. Marcasite is associated with the youngest 
pyrite. 

Well-crystallized botryoidal coffinite was found inn 
smnll vug in Woodrow ore (Moench, I962b). The 
coffinite is associated with pyrite, barite, and small 
amounts of cobaltite, wurtzite( ?), galena, chalcopyrite, 
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1 l'"'sihly vanadium day. A mudstone fragment 
!lllll th<' vug is partly rPpl:teed by fine-grained coffin
that is probably mixed with carbmmceous matter; 

, .,. 111 at!'l'ials in turn are cut by anastomosing vein lets 
r I'.' rite and cobaltite. The relict. mudstone fragment 

,. 1,, rusted with botryoidal coffinite, which contains 
. tl! ,·ontemporaneous concretions of cobaltite and 
.. , ,,, of wurtzite( ?), chalcopyrite, and galena. In 
• 111 , the botryoidal coffinite is encrusted with pyrite, 

, 1 the pyrite is encrusted with barite. Vanadium 
'·' r ~) occupies interstices between the pyrite and 
ii'lll' l'l'UStS. 

PIT I DEPOSIT, SANDY MINE 

J'hl' Pit I deposit, in the Entrada Sandstone, is small 
,: i-; locally high grade and relatively unoxici.ized. As 
,rt>onaceous matter is less ahundant and vanadium is 

:. on• abundant than in deposits in the .Jackpile sand
..,,,,._ textures between vanadium clay and uraninite or 
.,tJinite are more readily seen. Uraninite and coffinite 
:. rhis deposit, however, are nat distinguishable except 
,, X-ray. They are assumed to be intimately mixed in 
•nons proportions. 
.b in the Jackpile and Woodrow deposits, replace
··nr textures are conspicuous in the Pit I deposit. 

!l;!!h-grade ore characteristically has a mottled appear
on···· At places the mottling between black ore and 
!!ht-gray or white relatively unmineralized sandstone 

,., .. ,•mbles graphic intergrowths; the dark areas appear 
:,, han• invaded the light along bedding planes and in 
:TPgnlar patches between bedding planes. At places 

·!11· mottling has the appearance of sinuous concen
' t 1eaily banded rods (fig. 27). The significance of this 
i.·.n u re is not known. 

0 

Coffintte~uranimte· 
vanadtum clay cement 

1 INCH 

FIGURE 27.-Concentrlcally banded ore 
rods In small hand spt.>clmen, Pit 1 
deposit, Sandy mine. 

Microscopic study of mottled textures shows that they 
are due to vanadium clay :md the coffinite-uraninite mix
ture replacing the cement and detritus of the sandstone. 
Viewed in tJ1in sections, mixtures of vermicular vana
dium clay, coffinite, uraninite, and pyrite completely 
occupy grain interstices in the dark areas, whereas cal
cite and subordinate clay cement the sandstone in the 
light areas. Along boundaries between light and dark 
areas, vanadium clay lines the contacts between calcite 
cement and detrital grains; but toward darker areas the 
vanadium clay increasingly embays and veins calcite 
and locally fills grain interstices, where "islands" of 
relict calcite cement remain (fig. 26A). At places 
separate "islands" have the same optical orientation, and 
locally calcite is veined by vanadium clay along calcite 
cleavages. In the darkest areas, opaque coffinite-uran
inite mixtures coat sand grains and fonn irregular 
intergrowths with vanadium clay (fig. 26B). Urani
nite-coffinite embays sand grains, and intergrowths of 
vanadium clay and uraninite-coffinite occupy spaces 
that evidently were once occupied by detrital grains (fig. 
26B). The argillized grains, probably originally feld
spar or rock fragments, are composed of a greenish· 
brown micaceous substance, probably vanadium clay. 
The replacement of detrital grains and cement by ore 
minerals is also illustrated by the modal analyses listed 
in table 5. 

Sulfides, mainly pyrite, are distributed in and around 
the deposit. Within the ·~posit pyrite is generally 
anhedral and particular:iy associated with Yanadium 
clay. Near the west end of the deposit, seyeral small 
concretions of pyrite and uraninite are exposed. The 
concretions are an inch or two ucross und are flattened 
parallel to the bedding. Uraninite, which locally has 
colloform structure, forms the core of the concretions 
and strongly embays sand grains. Pyrite forms the rim 
of the concretions and also appears to embay detritus. 
The central position of the uraninite in the concretions 
suggests that it formed earlier than the pyrite. Pyrite 
appears to have formed in two generations, for equidi
mensional pyrite grains are locally rimmed by 
additional pyrite. 

A trace of galena was found in the highest grade ore. 
The galena forms minute equidimensional grains associ
ated with vanadium clay and the uraninite-coflinitc 
mixture. 

CRACKPOT DEPOSIT 

Because the Crackpot deposit. had been mined out at 
tho time of this study, the only ore specimens available 
to us were collected from the mine dump or were given 
by l-owell S. Hilpert, of the U.S. Geological Sm·,·ey. 
These specimens are adequate, however, to show t,he 
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common texture..<> of tho ore minerals in both the bedded 
ttnd massive limestone units of t.he Todilto Formation. 

Vanadium cl:ty, uraninite, and sparse pyrite are dis
t.rihuted mainly along the silty laminae in the strati
fied linwstone and along irregular silty laminae in the 
massive limestone unit. At places they u.lso line 
the w:tlls of carbonate-filled int.rafonnational fractures 
that. probably formed by shrinkage during consolida
tion of the limestone. In the fractures, where the Yana
dium clay and associ:tted urnninite form a thin layer 
separating coarse calcite in the fracture and the fine
grained laminated limestone of the wall, contacts 
against the coarse calcite arc sharp, whereas those 
against the limestone are gradational. The textures 
indicu.te that. the vanadium clay and associated ura
ninite postdated the fractures, but the age relations 
between the ore minerals and the coarse calcite in 
the fracture are obscure. 

Viewed in thin sections, vanadium clay commonly 
surrounds small equant grains of pyrite and embays 
calcite and detrital silt and clay. Uraninite occurs 
in thin \'einlets along the contact between vana
dium clay and calcite. 

SUMMARY 

The study of ore textures clearly indicates that 
replacement was a major process in uranium ore 
deposition. Uraniferous carbonaceous matter and 
pyrite have strongly replared detrital silicates, quartz 
overgrowths, and clay cement in the Jackpile and 
Woodrow deposits. Vanadium clay, pyrite, and the 
assumed mixture of co't ;+c() and uraninite have replaced 
detrital silicates and carbonate and clay cement in the 
Sandy mine. Evidently, vanadium clay, uraninite, and 
pyrite have replaced calcite and clay- and silt-sized 
detrital silicates in the Crackpot deposit. 

Except in a few specimens, no consistent paragenetic 
sequence of deposition of ore minerals can be listed 
from observations made to date. The best evidence for 
a close temporal relation between coffinite(), pyrite, and 
other sulfides was found in the Woodrow deposit 
(Moench, 1962b). There, botryoidal coffinite and co
baltite in a vug closely followed or overlapped in time a 
generation of pyrite and cobaltite, and was followed 
successively by more pyrite, barite, and still more pyrite. 
However, the massive pyrite-marcasite replacement de
posits in the Woodrow evidently fonned before most of 
the coffinite and the coffinite-bearing carbonaceous mat
ter. The scant vanadium clay ( ~) in the deposit evi
dently followed coffinite and at least one postcoffinite 
genemtion of pyrite. 

In other deposits pyrite evidently both predates and 
postdates uraniferous carbonaceous matter or the as
sumed coffini,t.e-uraninite mixtures. 

The textumli"t'lat.ions bet.wecn vanadium clay and the 
other ore minerals do not definitely indicate the age re. 
lations between them. Textures seen in figure 26 sug
~est, but do not prove, that the uraninite-coffinite 
mixture formed later than vanadium clay. 

Textures obser,-ed in a mineralized log in the Jack
pile deposit. su~gest t.hat pyrite fonned during and af
ter vanadium clay, and before and after uraniferous 
carbonaceous matter. 

SULFUR ISOTOPES 

Jensen (1958, 1959) showed that the S82
: sa• rat.ic 

in sulfides from ore deposits of generally accepted hy
drothermal ori~in is remarkably uniform and is close 
to that of meteoritic troilite, whereas the S32

: su ratio 
for sulfides in sedimentary rocks and sandstone-type 
uranium deposits arc not uniform and differ consider
ably from that of meteoritic troilite. Jensen (1958, 
1963) attributed the wide spread of sa2 : sa• ratios in 
sulfides in sandstone-type uranium deposits to fractiona
tion of the sulfur isotopes in the course of reduction of 
sulfates by anaerobic sulfate-reducing bacteria. He 
suggested that this biogenic process has a strong bearing 
on the origin of sandstone-type uranium deposits. 

Many sulfide-bearing samples from. the Laguna dis
trict, most of which were furnished by us, were analyzed 
by Cyrus W. Field for their sulfur isotope ratios. Of 
38 samples, 20 were from the Woodrow mine, 9 were 
from the Jackpile mine (7 from black shale of the Da
kdta Sandstone and 2 from ore), 3 were from the Saint 
Anthony mine, 4 were from the Sandy mine, and 1 each 
were from pyrite concretions in the Bluff and Gallup 
Sandstones. The results of the analyses were pub
lished by Jensen, Field, and Nakai (1960) and by 
Jensen (1963). 

The most striking feature of Field's data for the 
Laguna district is the great range of isotope ratios in 
the sulfides (.Jensen and others, 1960, p. 195). The 
S32 : S34 ratios in the J ackpile and the Saint Anthony 
deposits vary 2.2 and 5.7 percent, respectively; some 
samples are enriched in S32

, and others in sa•. Ratios 
in the Woodrow deposi't vary 6.1 percent, the greatest 
variation noted by Field or previous workers within a 
single deposit; of 20 samples, a.ll but. 3 are enriched in 
S"'. This variation undoubtedly reflects in part the 
large number of samples obtained from the Woodrow 
mine. Sulfur in pyrite from black shale in the Dakota 
Sandstone is enriched in 8 32

• All analyzed samples 
from the Sandy mine are enriched in sa•; these sample,-; 
include two from unmineralized limestone, one from a 
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•. 
1 
rrw-umninite concretion, and one, of pyrrhotite, from 

1 
nll't amorphosed uranium deposi•t in lime.'l'tone. The 

1 rrhot ite probltbly formed at the expense of pyrite 
:·rnlll! metamorphism. The two samples of pyrite 

1 11,,11 1 the Bluff and Gallup Sandstones show lest> varia-
"11 from standard 'troilite than do sulfides from the 

,,..,uiumdeposits. 
Th•• unusually great enrichment of the heavy isotope 

.. Woodrow sulfides is difficult to explain, for many 
·''""'''"show greater S 3

'
1 enrichment than is common 

1 •• -ulf:ttes. This means that if the sulfides formed by 
. .,,·tt·rial reduction of sulfate, some of the sulfate must 

11•• been exceedingly enriched in S31• Field (in Jen
·"'' and others, 1960, p. 196-205) suggested that the S 31 

.. rll'hment resulted from bacterial reduction of a finite 
,·nutit.y of sulfate, which perhaps traveled up the 
\\' •• .:!row pipe from the gypsum of the Todilto Forma
.uiL As bacterial action continued to generate S32-rich 
.1.irogen sulfide, which escaped, the remaining sulfate 
.-·ame increasingly enriched in S". This source of 
-·dfate is unlikely, because theW oodrow pipe probably 
.) •• -s not extend below the base of the Morrison 
~-'••nna,t.ion. 

.\!though some sulfur isotope data for the district 
on• <htlicult to interpret, at least the w'ide range of ratios 
' 111 marked contrast to the small range of ratios in sul
,f,-; from some "magmatic hydrothermal" deposits 
.J.•nsen, 1959). This difference suggests at least that 

· "'' ,uJfides ·associated with the uranium deposits of the 
l:ttrnna district have had ·a more complicated history; 
· .tht•r they were not derived directly from a common 
·our•·•.., or the sulfur isotopes were fractionated by bac
.-~·ra I action, or both. 

DESCRIPTION OF URANIUM DEPOSITS 

In 1!>60 only two deposits in the Laguna di¢,rict-
'"' .Jackpile and Saint Anthony deposits-"L>·~ being 
•.n,~l. The Paguate deposit is·amongtheseveral other 
'"1.'•· deposits that. had bren blocked out by drilling. 

lhny small deposits had been prospected and partly or 
" 01 Plctely mined out ·before 1956. Those that were 
J·n·~l. pi'Ospected, or found prior to 1956 are described 

tht• following pages. Deposits in the. Morrison For
, 11 1on are described first., then those in the Entrada 
'•nd~tone and the Todilto Fmmation. 

JACKPILE MINE 

Th,, .Tnckpile mine, an open-pit opemtion owned by 
••
1
"' .\nnconda Co., is one of the world's greatest pro

·ht··••rs of uranium. It is in the central part of the 
L•~:mul district (pl. 3), about 7% miles north of 
L'l!•mn, nnd is easily reached by gravel road. 

The Jackpile deposit was discovered on November 8, 
1951, by aerial radiometric reconnaissance by Woodrow 
Bird House and Dale Terry. Examination and 
sam piing of the outcrop on the south side of a low mesa, 
by House, Terry, and J. B. Knaebel on the following 
day revealed a uranium deposit with an exposed length 
of about 100 feet, an average thickness of 8% feet, and 
an average grade of OJH percent Ua08 • The first work 
was done on the outcrop in December 1!>51 (Lowell S . 
Hilpert, written commun., Nov. 16, 1959). 

Subsequent dril1ing on the south end of the mesa 
proved a deposit of moderate size, now known as the 
South ore body. In 1953, drilling in the central part of 
the mesa., a short distance to the north, outlined a much 
larger deposit, now called the North ore body. Active 
mining began in 1952, and full production-about 3,000 
tons of ore per day-was achieved in 1956. A spur rail
road line was extended north from Laguna, and over 
this line the ore is shipped to Anaconda's mill at Blue
water, N. Mex. By 1958 more than 3 million tons of 
uranium ore had been shipped; and by 1963 about 6.5 
million tons of ore, including some from the Paguate 
deposit, had been shipped. This ore yielded about 28 
million pounds of U,08 (Kittel, 1963, p. 167). 

According to production and assay data, the first 3 
million tons of ore shipped from the mine averaged 0.23 
percent UaOs and 0.13 percent V20 5 (table 6); the total 
production to 1963 averaged slightly less than 2.2 per
cent UaOs. The calcium carbonate content of the ore is 
low, averaging 0.8 percent in 2.3 million tons. 

DIMEliSIONS AND CH:ARAC:l'ER OF DEl'OSI:l' 

The deposit is in an area where the Dakota Sandstone 
dips about 1° N. into the San Juan Basin. In the area 
of the open pit, the Dakota Sandstone strikes N. 60°-!>0° 
E. and ranges in dip from horizontal ·to about 2° N. 
The deposit is semitabular and is roughly conformable 
to the strata. 

The dimensions and form of the Jackpile deposit are 
shown on pbte 6B, a fence diag!"am prepared largely 
from Anaconda Co. drill-hole data. The South ore 
body is shown along section A-A'; the North ore body 
generally comprises the ore shown in the rest of the 
fence. diagram. Actually the North and South ore 
bodies are connected by a weakly mineralized zone, and 
the separation is arbitrary. The ore bodies consist of 
many overlapping layers which aggregate over 6,000 
feet in length and about 1,200-3,000 feet in width and 
luwe an average combined thickness of about 20 feeL 
Section II-II' (pl. GB) follows the approximate center 
of the thickest part of the ore; along this line, single ore 
layers locally exceed 60 feet in thickness, and the total 
thickness of ore locally approaches 100 feet.. 
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, :_The ore is outlined on plate 6R with vnrying d~grees 
of confidenee. At the south Nld of the area shown, sec
t.ion 0-0' and southward, drill holes are dose spa~ed
in many places on 50-foot centers or eloset·. This pat·t 
of the deposit was being worked at the time of this study 
(W56), and ore distribution is shown :tecurately. 
Northward from section 0-0', drill holes are wider 
spaced, mostly on 100- or 200-foot centers, and the ore 
distribution is more interpretive. In this area ore 
layers were projected between drill holes where they 
closely conform to the stratigraphic layering or show a 
consistent rise or fall between several holes. Here the 
general distribution is assumed to be as shown, but 
further dt·illing and mining undoubtedly will change 
the picture somewhat. 

The J ackpile deposit may be characterized as severn! 
ore layers that in part O\'erlap successively and in part 
split and diverage to the north and northwest. Only 
locally do individual layers not conform with the north
northwesterly dip of the Dakota Sandstone, but the 
crude overlapping tends to place the uppermost layers 
su~essively higher in the Jackpile sandstone toward 
the north-northwest (pl. 6 B). The high layer shown 
along the west side of section F -F' and near the west end 
of section E-E' is called d1e 'Wind whip horizon by Ana
conda Co. geologists, because the Windwhip deposit is 
at the same elevation a short distance west of "E" 01. ;ec
tion E-E'. Northward from the intersection of sections 
F-F' andH-H', the North ore body appears to break up 
into many discontinuous layers that are distributed 
through the full thickness of the J ackpile sandstone. 

The lowermost ore may follow the base of the J ackpile 
sandstone, as is suggested in parts of most sections on 
plate 6B; locally ore appears to extend below the base of 
the sandstone, particularly in parts of D-D' and near 
the east side of 0-0'. Some ore may erroneously be 
shown below the base of the Jackpile sandstone, because 
in many places the contact is necessarily placed arbi
trarily. The deepest that ore has been found below the 
base of the J ackpile sandstone is in a single drill hole 
near the east end of section D-D'. 

The uppermost ore locally follows the base of the Da
kota Stmdstone, as in section B-B' and in a few places 
near the north end of the deposit. None of these occur
rences were exposed in mine workings at the time of this 
study. 

Plate 6C provides a comparison between the distribu
tion of ore exposed in a wall of the mine and the distrib
ution of ore determined from drill-hole data, shown on 
phtte HB. Plate f>C is much reduced from the scale of 1 
inch: 5 feet at which it was sketched in the field, but it 
shows the general distribution of the ore in an incom
plete cross section through the south end of the North 

ore body. The ore was sketched on the basis of liar!,,, .. 
of sandstone, whieh shows the concentration of ur;:., 
carbon but is roughly indica.tive of uranium t'ont.·1,1 , 

well (figs.22,23). 
As can be seen from plate 6C, the uppt>r bouud.1n ·-' 

ore in most places is sharp, generally continuou-, ·,. 
gently undulant. In contrast, the lower bo11 111Ln, 
where exposed, is poorly defined and mostly gm<lat :o•. 
and is not marked by any specific surface. l' 11 f.,1, 

nately, in much of the area shown on plate()(' tlw 1 ••. , 

of ore is not exposed, and drill-hole data rewal !·•·. 
about the character of the ore boundaries in otlwr I' w 

of the deposi'L The ore feathers out at its edg,·-. 1 _. 
thin wisps and rods of ore are found at about tht· ,_,,,,. 
elevation as the main deposit but several tens of f,. · 
thick outside of it. 

\Vithin the deposit the ore assumes a nearly inliiJ:'• 
variety of forms, some of which are controlled h:; ~.-! 
mentary structures or intraformational fractun:-, I·.· 
others of which appear to be independent of h0>-1·n•. 
structures. The apparently independent fonns inebi. 
ore rolls that are similar in many respects to rolb ri.:.: 
ha,·e been studied in other patts of the Colorado l'i, 
teau, semispherical forms, nearly vertical ore t·od'-. "'' • 
a multitiude of nondescript fonns. 

ORE ROLLS 

Many rolls, or boundaries of large masses of Ot'<' t h ,. 
cut arcuately across sedimentary structures, can h<· '"''· 
on plate 6C. In places the roll boundaries are l'haf!• 
more typically they are gradational and lack di~r 'I· · 

banding. In places mirror images of rolls are expo ... ··l 
as at the top of the ore near the center of plate 6('. 

Data on the orientation of the axes of rolls are ;...,,,,~ 

Ore extends unusually deep int<> the Brushy Basin)(""' 
ber near the east end of section 0-0' (pl. 6B), on S!'<'t "'' 

H-ll' about halfway between sections 0-0' and fi- ,,._ 

and on section D-D' about halfway between seer'"'' 
G-G' and H-H'. These three downward exten''"' 
may represent a single east-southeast-trending roll. If 
so, the roll axis is about parallel to the dominant ''~'"" 
bedding dip direction as determined along the lirw ,.f 
plate 6C, and it is parallel to the local Jackpile ~""" 
stone isopachs (pl. 6A). In contrast, the infem·d r<·L 
is oriented at a wide angle to the north-nort It"'"' 
orientation of theN orth ore body. 

ORE RODS 

Ore rods, or nearly vertical cylindrical to conw~l 
masses of U!"<lniferous carbonaceous matter (fi~. :\:L\ 1• 

are common in the .Tackpile deposit. They an• wJd•·h 
distributed in the lower gl".tde parts of the depo~it 11'1 

I 
nC), particularly in the low-grade zones that. M'[X1 1'111 ~ 
htrge ore layers. A few rods, as near the south"'" 
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is of da 1 >. , I··.,{ phtte 6C, appear to be isolated from large bodies directly above, determined by pia notable mapping, ai'e 
on of'''::, ,foro·. The rods range from less than half an inch in shown in figure 2~. The centerline of the rod could be 
Jill ''"''1''1,1 , 1 111 ,.•ttrr and a few inches in height to as much as 5 measured accurately only in the upper 18 inches. Here 

· ,,..,in diameter and 4 feet in height. Rods typically the rod plunges 88°-881j2 ° S. 15° E., almost exactly 
, i•'ll downward, though a few remain about constant normal to the strike and dip of the Dakottt Sandstone. 

11 1 d~ 1~: 1'he apex of a large rod may be a fraction of At greater depth the plunge of the rod apparently fhtt-

hound If •• 
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~r IHiillnl ,. 
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:' llll'h in diameter and may be composed of massive tens to about 8G%o, hut the margin of error in deter
nuif .. rous carbonaceous matter that impregnates the mining plunge is considerably greater at dBpth bec:mse 

. .,l!bwne :md, in thin sections, strongly em bays the 
the rod becomes less well defined. Photographs of this 

, 11 ,f l[ntins; downward such a rod gradually widens, 
' . .! the 0arbonaceous matter becomes more diffuse. rod have been published (Moench, 1963a, fig. 5A, B). 

h •n·ly, ;t conical rod may be as wide at its base as it is These measurements suggest that the .Jackpile deposit 
:!!h. (See fig. 33B, Saint Arrthony mine.) Though has been tilted, but many more measurements are neces
"' upper end of a rod is typically independent of any sary toconfirmthistheory. 

.,.,·o~nized sedimentary structure, a few rods extend 
!"11 n ward from ore-bearing bedding planes. A rod may 
~rade downward into a large mass of gray ore, or it may 
·• •II 0111 in light-colored unmineralized sandstone. 
.,, •Ill!' rods are surrounded by halos of fine-grained olive
,:r.ty clay composed of mixed kaolinite and mica. 

The composition, the downward widening and disper
,lon, and the nearly vertical orientation of the rods sug
-~ .... t that they formed by downward flow of an organic 
:!a1d. Conceivably, carbonaceous matter was originally 
1'1wipitated from ground wa:ter in small semifluid or 

' ;o•llylike concretionary masses of humic acid. This 
,ul>:,tance then flowed downward under gravity, and ll.S 

: tl•>wed it tended to be dispersed by the sandstone, If 
,, tbwed downward, it must have been denser than the 
·urrounding pore fluid. A high relative specific grav
ry may he attributable to a high uranium content and 

'" a~h in the carbonaceous matter. If so, the surround
Ill! pore fluid must have been nearly stagnant; ather
''"' t h!.~ rods would ·be inclined in the direction of flow. 
It is also possible that the carbonaceous matter was pre
··1pitnted a short distance below a water table, which 
'ht•n dropped temporarily, permitting the carbonaceous 
llLll trr to flow downward or to be dissolYed and repre
, rpuated by downward-moving water. 

If the ore rods were vertical when formed, det~tiled 
1111':1>-lll'I'IUents of their ·bearing and plunge should indi
.1tn whet.her or not they have been tilted. One rod 

d,at was sufficiently large, well defined, and accessible 
fnr •~ detailed measurement was exc:wated to a depth 
·•f lllore than 3% feet. A plumb bob was hung from 
:]11' <tJX'X to the approximate center of the base ~o tlutt 
'"''line and rod we1-e :dined in the same n•rtical plane. 
Th i~ plane is appro..ximately parallel •t.o the dip direction 
·•f I hl• Dakota S:~ndstone and defint'ti the bcarino- of the 

"' "•1. The nngle ·between the rod and the line in this 
plan,, tlelines the plunge of the rod. These detailed 
1111~1snrements, nnd the dip of the Dah."'''t~t Sandstone 

Approximate dtp of Dakota Sandstone 

Plumbhne 
to 

centeriH 
(in.) 

2.2-

1"40', NNW 

Approximately 
N 15"W ------

I RoO"'"'·~ 
J.B Jj . ; Dashed where approx1mately located 

1.6 I l:tl 
"I : :·J t:: .... 

'iii ff! 
~~/:)) Rod centerline 

1{::-f:J Dashed where approximately located 

~:::r:l 
.:·r:!' 
:r:: 

l:;r::l 
~:t:::J 
l;:~.l:::) 

J::::tt:::::~l 
tf:~t\ 

Approxamately f:-:~.J::·)f 
0.0 ~Plumb bob 

0 10 ~0 INCHES 

FIGURE 28.-SkNt•h of ~>xcavatell ore roo, JnckJtile mine, 
showing downward <.'Onvergf.'nce witl1 plumbline 
(after Moeneh, 1963n). 
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LOCALIZATION BY MINOR STRl7CTl7RAL FEATl1RES 

Although bedding feat.ures are commonly cut at var
ious angles by ore boundaries, any feature that was 
present prior to mineralization may have had a loc.'lliz
ing effect on ore deposition. Concentmtions of uranif
erous carbonaceous m:ttter within trough-shaped sets 
of crossbeds, along single 'l>Nlding planes, above or 
below mudstone beds, :md around mudstone galls are 
common features of the J ackpile deposit. Examples of 
some of thrse relationships can be seen on plate llC. 
The 'top of parts of the J ackpile deposit cut horizontally 
across inclined bedding planes (Hilpert and l\Ioench, 
l!J60, fig. 10), but within the deposit ore is part1y local
ized along bedding planes. 

A few small fractures that formed during sedimenta
tion also have localized deposition of uraniferous car
bonaceous nmtlter (fig. 29). Most such fractures in the 
Jackpile mine strike N. 5°-25° E. and dip 50°-80° E. or 
W". Uraniferous carbonaceous matter is localized along 
the left side of two small fractures shown in figure 29. 
The fracture shown in the left side of figure 29 is a small 
normal fault. The lower part. of the fracture shown 
just left of center in figure 29 is a high-anglethrust fault 
that deforms the lower part, but not the top, of the thin 
mudstone bed; this fracture extends upward as a joint 
and joins a normal fault, which, upward, is truncated 
by cross-stratified sandstone and, downward, becomes a 
thin sandstone dike. All these fr-actures evidently 
formed by slumping that accompanied J ackpile 
sedimentation. 

0 10 FEET 

I<'IGURE 29.-Sketch showing distribution of uranifcrouH car!Jo
nac~'OUS matter along penecontemporaneous frnctures, Xorth 
ore body, Jackpile mine. Density of dots indicates dCr>gree, of 
ore<.roneentration (after 1\loench, 1003a). 

RELATION OF DEPOSIT TO SEDIMENTARY TRENDS AND lVRASSIC 
FOLDS 

The Jn.ckpile deposit appea.rs to be more closely re. 
la.ted to a set of broad Jurassic folds than to sedimentarv 
trmds in the Jn.ckpile sandstone. As shown on plat·e 
GA, the long dimension of the deposit is about parallt>l 
to the inferred north-northweSt-trending folds in the 
mine ar<':t but n(llt. to a west-northwest-trending channd 
inferred on the basis of isopttch trends and the averagt_> 
dip direction of crossbedding in part of the mine. 

Isopachs of the Jackpile sandstone exhibit two domi
nant trends in the mine area (pl. 6A)-north-northwest 
and west-northwest. These two trends are interpreted 
to reflect ti:he intersection between a west-northwest
trending channel and a set of Jurassic folds that trends 
north-northeast. The channel and the synclines prob
ttbly account for local thickening of the Jackpile, and 
the anticlines prob:rbly account for the areas of thin 
.Tackpile. In 1958 the major anticline shown was ex
posed in the open pit, as then developed, in the general 
area of section E-E' {pl. 6A). At that time the anti
cline was defu1ed by two thin discontinuous mudstone 
beds that arched gently over the deposit and converged 
with the base of the Dakota. The total relief of the beds 
in the open pit was about 20 feet, but this is a minimum 
figure for the whole structure because the fold limbs 
probably extended beyond the limits of the pit. The 
exact trend of the anticline could not be determined from 
its exposure in the open pit, but it is probably parallel 
to a set of north-northwest-trending Jurassic folds that 
are well exposed about 2 miles southwest of the pit (pt 
3) , In the mine area the J ackpile sandstone isopachs 
north of section E-E' (pl. 6A) have a marked north
northwest grain and very likely define the Jurassic anti
cline that was exposed in the pit in 1958. The marked 
west-northwest-trending trough, or thickening of the 
J ackpile, proba;bly represents a paleochannel, because it 
is about parallel to the average dip direction of cross
bedding in the same local area (pl. 6A) . 

SANDSTONE l'IE':E 

A large cylindrical subsidence structure, or sand· 
stone pipe, is exposed on the east side of the North ot"tl_ 
body (pl. 6B). Figure 30 is 1t detailed map of the '\\'1\11 
in which the top of the pipe is exposed. Original 
stripping operations exposed the upper 25 feet of the 
pipe in a wall thftrt nearly bisected it; hliter mining ex
posed the lower part shown in figure 30 but removed t.lw 
upper part; stilll:1ter mining exposed a part of the pipt• 
that is helow the level shown in figure 30, Horizont.:tl 
drilling from a lower bench confirmed the cylindrical 
shJ~rpe of the structure. 

221~ 
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Tim pipo is composed largt>ly of sandstone fra~l'!~lents 
t•mhedded in a s:tndy mudstone matrix. .\!though the 
mixture is deseribed a:; Lre,eeia in lig-m-e ;~o (for want of 
:t oott.er tl'l·m) the fmgments al"l' rounded and many 
lmve poorly defined bm·ders. The mill."tm-e is comp:tct 
:tnd without. voids :md in places appears to have been 
folded or 1to lmve Jlowcd :1s an unconsolid:tted mass. 
The boundary of the pipe is m:u·kt>d by one or more ring 
faults, or by 1the broken edges of strata. outside the pipe. 
Gross units, dominantly of sandstone or mudstone, can 
oo m:tpped, but. they <'an not be correlated with units out
side the pipe. The sandstone and mudstOJH' beds near 
the pipe sag 'inwa'rd, nnd strata directly 0\-erlying the 
pipe sag slightly. A single cross-stratified sandstone 
lens directly over the pipe occ.upies :1 shallow depression 
and appe:u"S to represent the last stage in the form:ttion 
of >the pipe, for it is overlain by undeformt>d sandstone. 
A thin sill cuts across the pipe below the le\·el shown in 
figure 30. Superficially, the sill looks as though it has 
been displaced downward by the pipe; close inspection 
shows, however, that the sill is continuous across the 
pipe, and reveals no evidence that the sill has been 
broken or otherwise deformed by the pipe. 

The pipe con!tt\ins 11bunchmt fragmental and virtually 
nonuraniferous low-rank coal, some of which is so 
finely divided thwt it colors the sandstone and mudstone 
gray. I.Jarger fragments of brown coal, jet-black cool, 
and charcottl-like material are also present and have 
been described in the section on fossil wood. 

By 1963 a large mass of ore had been e~:tracted from 
the pipe below 'the le\·el shown in figure 30. According 
to Ernest T. Wylie (geologist for the Anaconda Co., 
oral commun., 1963), the mass was high gr-ade but con
tained much less sulfide than did the ore from the 
Woodrow pipe. Wylie reported tba.t the ore body was 
1\ crescent-shaped mass (plan view) thart bordered the 
west side of the pipe :tnd extended several feet into the 
.T:tckpile sandstone outside the pipe.. Uraniferous car
bonaceous matter forms botryoidal masses along a 
fault; on both sides of the fault similar materi:tl impreg
na!tes sandstone in a -thin zone directly on top of a 
mudstone bed. 

CENOZOIC STRUCTURAL FEAnJRES 

In the vicinity of the Jackpile mine, the 100-foot con
tours <lmwn on the base of the DakOia ::;;andstone (pl. 4) 
indicate a northwttrd dip of about 1 •. Planetable map
ping of a thin but widespread stratum of black shale 
indicates thwt the Dakot:t str·ikes X. G0°-!J0° E. and 
dips 2° N. in the northem part of the pit and lf2° N. in 
the southern part. The base of tb.e Dakota is not a 

rcliahle mnrkl'r for detailed work l>I'C:tuse it 1()(·,1 11~ 
channds deeply into the .Tnckpile s:mdstone. 

.Toints nwasll!'l.'<l in tlw Dakota Sandstone nnd in t),. 
.T:wkpill' sandstone nrc entirely consistl'nt with tlw 1,. 

gional fraeture p:tttt'I11 (fig.14). 
Neither the northward tilt nor the Cenozoie ju111 ,. 

exhibit :my enn'tl'Olling influence Qll the Jaekpih• tl·· 
posit. Hecognized structural terme{'s are twitht•r ~ 11 n 
<'iently large nor coneetly phwed tn htwl'. loealizt·•l ,,1, 

by any known proc.ess. Although one joint &'t is al""·· 
p:trallel to the long dimension of the Jackpile, tlw ml". 
sets show no rl'la.tion to the deposits; and joint~ of,,; 
sets cut ore. At plttces joints contnin minerals of lu::l 
valent uranium and nmadium that apparently fonn"i 
during recent oxidation and redistribution. 

RELATION OF DEPOSIT TO DIABASE 

During the e..'lrly stages of mining operations m:m.' 
geologists poin1ted to the discovery of <'t dia'basic sill 1:. 

the South ore body as evidence of a relation brt\\1''" 
uranium deposits and igneous rocks. Further min,, .•. 
development :md study of the deposit have shown t J. ,. 
the diabase, which is of late Tertiary age, int111d!'d ,, 
preexisting uranium deposit. In the south end of t lu 
open pit, sills cut various parts of the South and ~unL 
ore bodies. Though nearly concordant, they crOS>O l•~l 
ding planes :tlong preexisting joints or on irt'l'l-"111:11 
surfaces (pl. 6C), and in places the sills rise ,..,,.e,~d 
tens of feet a:bove the ore bodies. Toward the IWJ11o 

end of the open p~t, the sills rise strat.igraphically '"'\i 
above the ore body and pass into the Dakota SalHl~toiH' 
In places diabase sills even displace parts of tlw "" 
bodies, further demonstrating -their younger ag• 

(Moench, 1963a, fig. 3). 
Diabase sills in the ,:fackpile mine contain far '""''' 

uranium than do ·sills tlmt are well away from kJHm 11 

uranium deposits, and uranium tends to be m~t. :dnm 
dant in the chilled borders of sills ·that are m dm• t 
contact with ore (table 16). In one specimen from ·1 

chilled border of a sill (fig. 31), uranoph:uw is tli•tnl• 
uted along primary joints that parnllel the eonta<'t ,,f 
the sill. In another sample, fine-grained uranophall•' 
and dther, unidentified minemls of hexavalent urauiullr 
are disseminated in the dense matrix and are di~t riltut••l 
Rlong phenocryst boundaries and joints. Tlu·-•· "·I• 
tions suggest that the diabase acquired uraniuw_ ft'' 11

' 

the deposits during or after empl:tcement of •thl' ~~li-
The metamorphic effects adjacent to the dialw""' "1

' 

not great, but some local alter-ation is related 1o tlw ,\u 
base. The contacts of the sills commonly an' hur••'' 11

" 

by a thin film of gypsum; ttnd as far as :l ft•M. al~"'' "' 
below the sills, poikiloblasts of gypsum as ln.rgt' a.~;, 11 ':~ 

tJt,l u.r;:n.
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TABLE 16.-Uranium content of diabase sills and dikes in and mar Jackpile mine 

(Analysts: C. G. Angelo, E. 1. Fennelly, and H. H. Lippj 

Thickness oU U 
Part olslll or dlko (loot) (percent) (percent) Remarks 

0.6 0.023 0.022 }center and chilled borders intensely altered to clay; cuts low-grade ore. .3 .074 .033 
,~ 1 -... Center .. --------------------------
H:'J t.ov.cr chilled border _____________ _ 

.15 .073 • 050 }sm cuts moderate..grade ore . 1.2 .037 .063 
'2 .11 .23 

..~~~ ljppcr chllled border _____________ _ 

.,.~,' Centcr.---------------------------
4 ... 1 LoY.crchilled border _____________ _ 

.3 • 15 .20 }sm cuts high-grade oro . 2.2 .065 .11 
·~ ,.; i Cholled border ................... . 
-411'17 Center ... -------------------------

.3 .038 • 045 }Bottom of SJII is 3 It above high-grade ore . 2. 4 .046 .065 
,1 m : Cppcr chilled border ............. . 
,_.J'J..! Center ........ --------------------

.3 .008 .008 
}sul cuts "barren" sandstone 20ft above ore . 3. 7 .001 • 0016 

.3 .003 .003 
~;:~ ] ggtie:r:.~~~~~~-~~~~~r_-::::::::::::: 
-4'.fJjJ 

1 
Lower chilled border _____________ _ 

3.0 . 001 .0006 }cuts "barren" sandstone 30ft \\ooest of North ore body . . 3 .054 .055 --~::~~ I g~~:~bOraer:::::::::::::::::::: 
.·,JSJI WholesUL. ...................... . • 9 .010 .009 Cuts "barren" sandstone 150 It east o! !<ortb ore body . 

3.0 <.001 . 0001 }niabasic dike exposed 5,000 ft east of Jackpile mme and 1,000 ft north of Woodrow mine . .3 <.001 .0001 :.:~~~ ! gb~J:~rboraer:::::::::::::::::::: 

:n diameter are disseminated 'throughout the ore. Cal
··tte poikiloblasts are also common in the same zones, 
.uul in places the rocks are largely calcite cemented. 

Hydrous iron oxides, probably after pyrite, commonly 
are abundant in zones an inch thick directly above and 
below the :>ills. )!any thin sections prepared from 
rocks sampled within a few inches of a sill contain 
abundant fine-grained chlorite; in some thin sections 
small amounts of rngged fine-grained biotite have been 
identified. In addition, a small quantity of coarse 
colorless highly birefringent mica, possibly muscovite, 
appears to have fo11ned at the expense of fine-grained 
clay minerals. 

~·H.t 1 1U: 31.-:lliero~eopi<' appt.•at'aJH'l' nf ('hiliPtl honll'l" of tliahaHt\ 

sill, Jnckt)ilt."' mint.>. l~ranot•luuu• is alon~ sinuous primury 
lnngitmlinul joint". Plune-polnriz('(i light, X 00. Photo
graph by Richard H. 'l'uylor. 

SAINT ANTHONY MINE 

The Saint Anthony mine is on the northeast end of 
the Paguate-Saint Anthony group of deposits (pl. 3). 
It is most easily reached by a road that extends east 
from the Laguna-Paguate road at a point about 21;2 
miles north of Laguna. The uranium deposit, 1:nown 
as the M-6 ore body, is below the water tnble and is 
worked underground through a shaft about 275 feet 
deep. 

Because the shaft was not sunk until October 1956, at 
the end of the last complete field season of this project, 
the Saint .Anthony mine was not mapped. Our knowl
edge of the deposit is based on drill data furnished by 
the Saint .Anthony U raninm Corp., and on data 
acquired on :t brief trip by the authors through the mine 
in April 1958. Only geneml features of the deposit 
are dl'Scribed. 

Tho :,\1-t> ore body is the largest. of several small de
posits in :t narrow ea;;t-trending gl'Oup about 1% milL'S 
long (pl. ;)) . Tho small, so-ca lied IIanosh deposits are 
at the east end of the gt·oup. l\fost of the deposits are 

• ;; i.i . i1 a A £MAl am ;z p;;a:;g 4 ;;p; . I . 4 2J.44 
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indientcd by single ore holes and C".'tll be eonsidN'ed ns 
p:trt. of n bmad low-gmde zone that surrounds the ::\I-6 
ore body. A few ore holes were drilled north and south 
of 'f.he 1\I-6 ore body. Anaeond:~·,; L-Bar depooit, which 
is probably soml'>what. l:trger than the M-6 ore body, is 
about 7,000 fect.•tothe no!'!.h-northwest. 

The ore is in the .Tackpile sandstone, which in the 
mine are.:\ is about 90-130 feot. thick. The ,Tackpile iso
pachs in this area show several circular lows and highs, 
but no particular elongations that. might reflect channels 
or .T urnssicfolds (pl. 3). 

Strabt in the ar~>a of 'the Saint Anthony mine dip 
gently northwestward, but contours (5-ft. interntls) 
drawn on the top of the Dakota Sandstone by geologists 
of •the Saint Anthony Uranium Corp. also sho" a small 
structural terrace over the M-6 ore body, and possible 
closure of one contour on the northeast side of the de
posit. Other more pronounced terraces in the vicinity 
do not. haYe associated uranium deposits. The east
trending group of deposits that. includes the ~1-6 ore 
body, the Hanosh deposits, and numerous other small 
deposits is oriented a;t a wide angle to the trend of the 
structure eontours. 

The M-6 ore body is roughly equidimensional in plan 
and a>bout 1,000 feet in diameter (fig. 32). In places it 
is u.s much as 25 feet thick, but its average thickness is 
considerably less. Because figure 32 wns constructed 
wholly from drill data, at 100-foot centers, connections 
between some layers may be in error. Most of the ore 
is in the central part of the Jackpile sandstone, and 
apparently nowhere is it at the bottom or top of this 
unit. The deposit eonsists largely of subhorizonta.l 
interconnecting layers, none of which extends through 
the whole deposit. Individual ore layers are strongly 
undulant, with as much u.s 35 feet of relief in a hori
zontal distance of about 300 feet; undulations have little 
:tpparent relation to the thickness variation~ of the 
.Tackpile sandstone or to the structural relief of the 
Dakota Sandstone. 

The abrupt changes in ore thickness probably reflect 
roll structures. In places, especially in the southern 
part of the deposit, the rolls were located by drilling 
that was so closely spaced that it cannot conveniently be 
shown in figure 32. Here, "barren" holes are less than 
l!O feet from ore holes that penetrate as much as 20 feet 
of ore. In one place in the north-central part of the de
posit, thickness and ore grade range from 2 feet of low
gmde material to 25 feet of ore that avel"ages 0.26 
percent U,O, within a horizontal distance of 50 feet. 

The ore is gray to black, and from its general appear
ance it is uudoubtedly similar in composition to Jack
pi!<, <n·e. The few dat:t available indicate that the 
v:tnadium and ealcium carbonate contents of the ore are 

low. Few nssnys are in excess of 1.0 pf.'rcent UsOs, and 
most :tre well below 0.5 perePnt U.~O.. A few high
gmde a.ss:tys represent ore nearly 5 feet thick, but moot 
repr<>sent. ore n foot or l<>ss thick. Acc{miing to U.S. 
Atomic Energy Commission production da.tu., 2,658 
tons of mined ore averaged 0.20 percent U,O.; vana
dium was not reported. 

The ore in the Saint Anthony mine, like that in th€' 
,Jackpile, tends to be concentrated along bedding planes, 
but it. shows many forms that. cut sharply across bed: 
ding planes. Because the ore in the walls of the Saint 
Anthony mine is generally less oxidized and cleuner 
than that in tlw. wa.lls of the ,Ta.ckpile, the typical ore 
habits can be seen to better adnmtage (fig. 33B,O,D). 
Ore rods, which are common, are locally cone shaped 
(fig. 33B), unlike any that. have been seen in the Jack
pile de,posit. The irregular patchworks of ore have the 
appearance of having been partly leached (fig. 330,D) 
and locally show evidence of two generations of ore. 
The patchwork ore shown in figure 33D, for example, 
may ha,·e formed by partial irregular leaching of ore 
that once impregnated a larger volume of sandstone, and 
the wispy broadly S-shaped roll may have formed 
subsequently. 

WINDWHIP MINE 

The Wind whip mine, a small open pit a shott distance 
west of the Jackpile open pit (pl. 3), is one of several 
small satellite bodies around the J ackpile' deposit. 
Since the mapping in 1955, the mine has been buried by 
dumps extending from the Jackpile mine. 

A total of 2,788 tons of ore was shipped from the mine 
before 1955; this ore averaged 0.31 percent. UaOs and 
0.17 percent V20 5 (table 6). The CaCOa content 
averaged about 1.2 percent, eonsiderably more than that 
of the J ackpile ores. 

The Windwhip deposit is in the upper part of the 
Jackpile sandstone, about 15 feet below the base of the 
Dakota Sandstone. It is at about the same elevation 
and stratigraphic position as the so-called Windwhip 
horizon in the Jackpile mine (pl. 6B). 

Because it was only a short distance below the surface 
before mining, the Windwhip deposit is more oxidized 
than the Jackpile but is otherwise similar to the Jack
pile in appearance and composition. Hydrous iron 
oxides are locally abundant, and minerals of hexavalent 
uranium probably contain much of the uranium. 
Nevertheless, the fomt of the deposit is outlined by its 
gmy color-contrasting with the white or light tan of 
the host sandstone. 

The general form of the deposit-several well-defined 
rolls-and loeal ore concentrations along bedding planes 
were shown by Hilpert and Moench (1960, fig. 13). A 
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EXPLANATION 

Greater tha.n 0.1 percent Ua 0 8 

0.01-0.1 percent u. o. 
Datum assumed 

Comptled by R. H. Moench and W. D. Allan, 1959. 
Constructed from Samt Anthony Uramum Corp. 
dnll·hole data 

FIGURE 32.-Sbape of the M-tl ore body, Saint Anthony minl:'. 
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FIGURE 33.-Features of black ore, Jackpile and Saint Anthony mines. -~. Typical ore rods, Jackpile mine. B, Ore ro1l' .m·. 
cones, Saint Anthony mine. C, Patchwork ore in crossbedded sandstone, Saint Anthony mine. D, Irregular or<' I'"'''" 
apparently crossed by younger wispy S-shaped roll. 

smaH part of the deposit is shown at a larger scale in 
figure 20 of the present report. Axes of the rolls trend 
about X. 60° ,V., about parallel to the average strike of 
the crossbedding. 

WOODROW MINE 

The ·woodrow mine, about 1 mile east of the .Jackpile 
mine (pl. 33), was discovered in 1051 by aerial radio
metric prospecting. The deposit is in a nParly vertical 
s;mdstone pipe and was mined through a vertical shaft 
about 2:30 feet deep and two lateral shafts at the 100-
and 200- foot levels (Wylie, IOG:3, fig. 1). Mining began 
in 1054 and ended in 10il6, when the sq are-~t timber
ing collapsed. 

Th(' 'Voodrow mine was deseribed briefly hy Hilpert 
and Moench (1060, p. 456), and in greater detail by 

Wylie (1063, p. 177). The :following description "~~.1 .1 

marizes 'Vylie's data and our observation,.. 1: · 
mineralogy and ore textures were previously dP-.. rd··· · 
(p. 58, 84, this report; Wylie, 1963, p. 17!J-I ~I : ·' 1 

Moench, 1062b). 
According to U.S. Atomic Energy Commi;.,ioll 1'1' 

duction data, 5,:)26 tons of ore has been :,hipjwd ft .. :· 
the mine (table 6). This ore averaged l.:W J·•·r• ,.,,. 
U"O,, 0.0± percent V20,, and 1.4 percent C1t CO· .\· 
cording to Wylie (1!)6!~, p.l77), ore from abow til•· I"' 
:foot level averaged 1.5!3 percent U"O' and O.O!i 1wr• ··:' 
V

2
0 0, whereas ore from below the 100-foot lt•\'1'1 " 1

''
1 

:tp;Pd 0.!32 percent lT,(), and 0.0:1 pereen(, \'20,. 
The pipe crops out in the ,Jackpile saud,tolw 111 

:· 

proh:tbly extends more than 200 feet in depth, till' 111·''' 
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ai!llll t!f•pth of mining. Drilling, however, has failed to 

111 tt•rst•et the pipe at greater depths. The pipe is cir
.ular in plan and ranges fr-om about 24 to :34 feet in 
.li.tllwier; from the surfaee to a depth of 50 feet it 
l'J 11 ug-t·:- about H7° S. ;;oo K, and below this depth it 
.pir:tl~ to a plunge of about 83° N. 45° K (Wylie, 1!)63, 
p.l77, and fig.1). 

The interior of the pipe is a compact mixture of 
!.rokl'n mudstone and sandstone from the .Jackpile sand
-tom• and Brushy Basin Member of the Morrison. 
.J:wkpile sandstone is dominant in the upper part of 
!Itt' pipe, whereas mudstone is dominant in the lower 
part I Though commonly called a breccia, the sandstone 
tiHl mudstone fragments tend to he rounded or rather 
r~t!!g-erl and irregular in shape rather than sharply an
::ular, and the mudstone or sandstone in which they 
tn• embedded is compact; vugs are sparse. The bor
·!t·r ofthe pipe is locally marked by a complex pattern of 
:~uastomosing ring faults (pl. 7) or by the broken 
.. ,Jg:es of the surrounding strata. According to 'Vylie 
il!l63, p.177), the strata around the pipe do not sag in
ward, contrary to the illustration shown by Hilpert 
:ttHl .:\foench (1960, fig. 15). 

The bottom of the Jackpile sandstone within the pipe 
~~ l'ither 30 feet or 45 feet lower than the bottom of the 
.lackpile outside the pipe, depending upon which zones 
:tre correlated. 

The high-grade ore in the upper part of the pipe is 
.·oncentrated along t.he ring faults; it locally permeated 
the interior of the pipe, in zones where the sandstone 
ll':ts thoroughly broken, and locally extended as much 
.t'i 10 feet into the surrounding strata ('Vylie, 1963, p. 
I 77). Below a depth of about !)O feet, ore is confined to 
rlw interior of the pipe; in the upper part of this zone 
rlw ore penneates and darkens the mudstone, whereas 
in the lower part. it is largely confined to the interstices 
nf fragments (Wylie, 1963, p. 177). 

The ore along the boundary ring faults occurs as pore 
fillings and replacements, not fissure filling-s (p. 8±). 
\'ug-s h:we locally been filled with ore minerals (Moench, 
l!tli:!b), but such occurrences are rare. 

The outcrop (pl. 7) is thoroughly weathered. Snl
tidt•s are absent and hydrous iron oxides are abundant; 
'iPwetl in thin section, many specimens are thoroughly 
•lt•tnented with silica, much of which is opal. As shown 
on plate 7, the outcrop is highly rn.dioactive, particularly 
111 an arcuate zone t.lmt. roughly conforms with the 
.tr.~uate fractures. The black carbonaceous material is 
htu;hly uraniferous, but most of tho outcrop is nearly 
''~'n••n of uranium. 
IJTI!EH nEI'OSITS IN TilE JACKI'IJ,Jo] SANDSTOJ\'E AND 
IIHUsUy BASIN MEMUI~H 01!' 1\IOUIUSON FORMATION 

"lany deposits fot· which data :tnl inadequatP for de
tailt•d descriptionlutn\ been found iu the ,Jackpile sand-

stone and the Bm<>hy Basin Member of the Morrison. 
Pertinent information is summarized here. 

The Paguate deposit, a short distanco west of the 
.Jackpile (pl. 3), was diseovered by core drilling in 
.Tune HJiJG. Subsequent drilling revealed :t umnium 
deposit almost as large as t.he ,Jackpile. By 1!)(;:~ a 
large open pit had been developed by stripping opera
tions, and ore was being mined. 

In plan Yiew the Pa~ruate deposit is about ~,500 feet 
long and generally less than 1,000 feet wide and trends 
sinuously northeast (pl. :~). In the eastern part of the 
deposit, mo;,t of the ore is in the upper third of the 
Jackpile sandstone, which here is 140 to about 200 feet 
thick; at places ore layers abut directly against over
lying Dakota Sandstone (Kittel, 1!)63, p. 170 and fig. 
4) I In the western part, most of the ore is in the lower 
two-thirds of the .Tackpile sandstone, which here is 
about 80-HO feet thick (Kittel, 1963, p. 170). The 
Paguate deposit trends about at right. angles to the 
Jackpile but is similar to the Jackpile in form, char
acter, and composition. 

One deposit about ll/1 miles east-northeast of the 
·woodrmv mine (pl. 3) is as much as 5 feet thick and 
about GOO feet \vide where exposed along the face of an 
open prospect cut. The deposit is at the base of the 
Jackpile sandst.om>, which here is only about 50 feet 
thick. :\lost of the exposed sandstone is friable, but 
that in the middle of the unit, well abore the uranium 
deposit, forms a prominent bench. The hench-formin~ 
sandstone, in a strongly silicified zone as much as 1:1 
feet thick, contains mnny nonradioactiYe gray, tan, and 
orange silicified logs. The uranium deposit, at the base 
of the .fackpile sandstone, is composed mostly of ura
niferous carbonaceous matter, though yellow-green 
minerals of hexavalent uranium are exposed loeally. 
Carbonaceous matter fonns wispy rolls, sparse to abun
dant spots about 1 nun in diameter, and nearly pure 
botryoidal nodules. 

e\ small unprospected uranium-vanadium deposit. is 
exposed about 2.8 miles S. 35° "r· of the 'Yoodrow de
posit. (pL ;~). Its basl> is about ;~o feet abon• the base 
of the ,Tnekpile sandstone, which here is about 100 f~Pt 
thick Tlw deposit. is a series of large rolls, wlneh 
ag-greu:att':3 about ~0 fel't high and 40 feet wide (Jig. ;l.t.)~ 
The t;>p of tlw zone is ahont:! fct't below a thinnnHlstonl' 
bed. On the surface the deposit is t!ark gray, although 
it. contains tvnvamunite. ::-lome of t hl' gray coloring 
is imparted l~y ~·arbonaceon,.; matpt·ial, but much is im
par!t•d by dark-brown fine-g-mined vanadium day, 
whieh l'ompletp]y tills pore spaces in the darkest. pa~·ts 
of tht• dl'posiL Two ,.;amplt's of the dnl'lm.'<t. matemtl 
contain O.ll~!i and O.O!H pl'l1 l 1t•nt. umnium and 1.01 and 
0.50 pl'l'l'ent. vanadium, re>'pl'l'tivPly. 

• A4i u ;g w;; ;s;,:QiJt!t Ut.3 ¥!1tt¥kUJS£tP . 1~ , 
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APPROXIMATE SCALE 

~'IGURE :14.-i'lke-teh of smallnraninm-nm:Hlinm deposit in Jack
pile snndst<>llt' about 2Y, mil~s south-southwest of thP Jaekpile 
ntine. 

On Seama l\Iesa, at. the west side of the district, a 
deposit that is exposed intermittently for (\00 feet along 
an open cut has been prospected just below the Dakota 
Sandstone (pl. 3). )[ost. of the deposit is in a sandstone 
stratum in the Brushy Basin ::\Iember of the )fol'l'iSOil, 
but. it locally extends upward into a sandstone lens of 
unknown correlation between the Brushy Basin and 
Dakota strata. The sandstone lens is 5-15 feet thick 
and is composed of quartz sandstone and local quartz 
pebble and cobble conglomerate; it locally contains 
abundant coalified plant debris. Much of the mineral
ized sandstone is pink or violet and contains finely 
disseminated hematite and sparse yellow minerals of 
high-valent uranium and vanadium. In places the 
yellow minerals coat joints. 

On the west side of l\Iesa Gigante, about ± miles 
:). 10° E. of Piedra Lumbre (pl. 3), a small deposit was 
found near the top of a sandstone unit in the Brushy 
Basin l\Iember. The sandstone unit is about 50 feet 
thick and is fairly continuous; its top is about 100 feet 
IJelow the base of the J ackpile sandstone. The deposit, 
which has not been prospected, is associated with silici
fied and coalified logs. 

CHAVEZ MINE AND OTHER DEPOSITS ON TJlE EAST 
SIDE OF ~lESA GIGANTE 

On the east side of l\Iesa Gigante several small de
posits oeeur in sandstone near the bottom of the l\Iorri
:->oll For·mation (pl. :3). Some of these have been pros
peete<l, hut only the Chavez has produced ore. :Most 
of thc:,e deposits have similar host rock, composition, 
and association with fragmental carbonaceous material; 
three are described hen~. 

The Chavez mine is a short distance ~;onth we;;t of the 
,;mall Navajo Indian village of Canoncito and can be 

rt>a.ched by a je£\p road that extends almost to tht> rn1.,,, 

rim and, tlwnce, by a foot trail that t>xtcnds no11h alh,,· 
half n mile from the end of the road. The wot·ki 11 ~. 
(fig-. :35) consist of a. shm·t adit and a drift. 'l'ht> ruira 
is eloS(' to the snrfaee throu~Jwut, and is in nn ar\•a tha• 
is extensi,·ely co\·t>red hy colluvial debris. Tht' an•a 1• 

well drained, so the deposit has undoubtedly bt't'll a\~, 1 • 
tho watt>r table for a considerable period of tinw. 

The Chavez mine produced 190 tons of ore, ar<'onlin;: 
to F.S .. \tomic Ent>rgy Commission records. Thi, "'\ 
averaged 0.21 percent U,08 and 0.56 percent YJl, ( t:ll.], 
6). Vanadium is ·much more abundant rt>latiw r •. 
uranium than in any of the other mint>d ort>s in r!u 
district. The high relative nmadium <'ontem is :rJ,, 
shown by three selected specimens: two contain 11.1 J 
and 0.56. percent uranium and 0.90 and 0.99 p~>n·t•ll' 
vanadium, respectively, and one contains -!.8:) PH•·t·Jll 

uranium and 3.51 percent vanadium. The l'all'illtl. 
carbonate content is also high, averaging 9.4 per•·t·nr. 
which is much more than in the other Morrison or<'' of 
the district. 

The Chavez deposit is in arkosic sandstonl' in th .. 
'Vestwater Canyon ;\{ember of the :Morrison Fonua 
tion, which in the mine area is as much as 100 feet thi,·l,. 
incl;tding several thin mudstone splits. The >and 
stone is fine to coarse grained and poorly sorted a11d 
is locally well cemented with calcite; in places it t'oli 
t.ains abundant fragmental plant remains. In rl1< 
mine the host sandstone is separable into an uppt•r. 
coarse-grained sandstone and a lower, fine- to mediwu 
grained sandstone. Both units, particularly the ll!'J'"I. 
contain coalified plant debris. The debris in the upjw' 
unit is unmineralized. 

The Chavez deposit has the form in Se<'tion of a liar 
t.ened S-shaped roll (fig. 35). The axis of tlw rull 
trends northwest parallel to the general strike of cro-
bedding. The projection of ore in plan appears a- " 
long narrow trace (fig. 35); datum for the projedJ"'' 
is about 3% feet above the floor of the mine. 

The ore is highly oxidized, and carnotite is tlw run-1 
abundant uranium ore mineral. Black uranift'l'"''' 
carbonaceous matter that coats sand grains i~ ahur. 
dant but does not give an X-ray pattern. Y:uJ:Id'"''· 
is in carnotite and vanadium clay. Thin ~<'ctioll'- ,.i 

the highest grade material show sandstone thar j, :rl 
most. wholly cemented by fine-grained """" 11 

pleochroic moderately birefringent vanadium cl~.1 • 
which gives an X-ray pattern similar to thai .,f 
roscoelite. 

The Seetiou 4 prospect, a short adit about :p;~ llllk· 

north-northwest of the Chavez mine (pl. :1), j, 111 ' 

thin l(ms of fine-grained carbonaceous sandstorw itt rl." 
upper part of the Recapture. Member of tlw ~loin 
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L..:_j 

Coarse sandstone having abundant 
carbonaceous fragments and clay 
galls 

lE..J 
Strike and dip of crossbedding 
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~ 
L__:_! 

Fine~ to medium-grained 
sandstone 

-----------Uranium ore mapped at 3¥.! feet 
above floor 
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' Caved 

Cross bedded coarse- and fine- to 
medium-grained sandstone 

Shown"' ucticms A-A', B-B', and C-C 

Trace of ore roll mapped at 3'h feet 
above floor 
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FIGURE 35.-Geologic map and sections of the Chavez mine. 
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son. At the portal the lens is about 5 feet thick, but 
it pinches out about (iO feet north and 20 feet south of 
the ndit. The uranium deposit is :tbout :l inches thick 
and follows the contact between the carbonaceous and 
conglomeratic sandstones. The carbonaceous material 
in both units is fme-gmined coalified plant debris. The 
carbonaceous sandstone abm·e the deposit is slightly 
radioactive, but no correlation is apparent between 
abundance carbonaceous material and radioacti,·ity. 

SANDY .MINE 

The Sandy mine is in the sou them part of the Laguna 
district, about 3 miles southwest of Uesita (pl. 3); it 
is accessible from U.S. Highway 66 only by poor road. 
The mine includes m:my small uranium deposits in a 
small area in the Entrada Sandstone and limestone of 
the Todilto Formation. 

The Sandy mine, discovered in 1950 or 1951, is not 
economically significant, ha,·ing shipped only 939 tons 
of ore that averaged a scant 0.12 percent U30s and 0.14 
percent V"Os (table 6}. The mapping of the mine area 
by planet able at a scale of 1 inch: 200 feet, combined 
with .\naconda Co. drill data, delineated the distribu
tion of uranium (pl. 8). 

LITHOLOGIC UNITS 

The Sandy mine is underlain by the Entrada, 
Todilto, and Summerville Formations, all intruded by 
diabasic sills and a few dikes. 

The Entrada Sandstone in this area consists of only 
the middle siltstone unit and the upper sandstone unit. 
The base of the siltstone is not exposed in the mine area, 
but nearby exposures indicate that the siltstone is prob
ably a,bout 80 feet thick. The upper sandstone w1it 
is about 95 feet thick. In most of the area the upper 
approximately 30 feet of the unit is nearly white, where
as the lower part is red; at places near the diabase 
dikes and sills the lower part has been pyritized and 
changed from red to tan or very pale orange. 

The Todilto in the mapped area consists of a lower 
unit of limestone and an upper unit of leached gypsum 
breccia. The limestone is about 30 feet thick in the 
structurally low part of the area, and thins northward 
to about 15 feet in the stmcturally high area. It is 
divisible into a lower zone of stratified limestone and an 
upper zone of massive limestone. The t-hickness of the 
stratified limestone ranges from 15 to 18 feet, but the 
thickness of the massive limestone is more variable and 
accounts for much of the thickness variation of the 
unit. The leached gypsum breccia is about 15 feet 
thick in the not·thern part of the area, but ranges from 
zero to more than 30 feet in thickness farther south. 

The Summerville Formation is composed of inter
stratified s:mdstone and mudstone or siltstone. In the 

northern part of the area mudstone or siltst{)ne is at tlu· 
base of the unit, but farther south sandstone direc~h 
overlies the Todilto. · 

Many diabase sills and a few dikes, which interro11 

nect (I; I. 8}, intruded the sedimentary rocks nnd mrta. 
morphosed them at the contacts. The dikes, which an· 
8 feet or less thick, strike about north and are nearh 
vertic~1l. The sills, which are less than 1 foot thick t;l 
slightly more tlum 80 feet thick, have a far greatrr 
aggregate volume than do the dikes. The sills, thoul!h 
subparallel to the stmtificntion, locally break at a lm1 
angle across stratigraphic units. Deformation by dia· 
basic magma was so gentle in most places that thP 
preexisting stmctural features are well preserved. 

STRUCTURE 

The dominant structural feature at the Sandy mi1w 
area, disregarding that related to diabase, is a south
facing ,Jurassic monoeline whose limb dips as much a.' 
12° S. (pl. 8, section A-A'). On this steep limb :m
several smaller discontinuous stmctural terraces whirh 
are best exposed near Pits I and IV (pl. 8}. In addi· 
tion, the Todilto limestone is deformed by many intra
formational folds, which tend to be largest in the strur· 
turallv low areas and account for some of the thicken
ing of the limestone there. Though sinuous, the axe>' 
of these folds tend to parallel the larger structures. 

The Cenozoic joint pattern contains one set that 
trends north, two sets that trend slightly east and west 
of north, and one set that trends east (fig. 13). Thr 
joint sets in the limestone, sandstone, and diabase dif· 
fer in some reSl•P.-cts, but their similarities suggest a 
common origin. 

DISTRIBUTION AND CHARACTER OF URANIUM DEPOSITS 

The distribution of uranium deposits in the Sandy 
mine (pl. 8} was determined by the use of a scintilla· 
tion counter, by observation of exposed uranium min· 
erals, and by drilling by the Anaconda Co. In gen· 
era!, most of the deposits are confined to an elliptical 
belt at least 3,000 feet long and about 1,200 feet wide. 
The belt of deposits is almost wholly on the steep limh 
of the main .Tuarassic monocline; it is oriented north· 
eastward about parallel to the monocline. The origina 1 
preerosion lenf,rth of the belt is not known; but the in· 
dicated width of 1,200 feet is probably representativl', 
because tho host rocks are well exposed on either side 
farther north and south. The 3,000-foot length is a 
minimum, because on the northeast end the host rock' 
have been eroded, and on the southwest end (west of 
the mapped area shown on pl. 8} they have not bern 
prospected thoroughly. · 

The largest deposits are clustered near the north side 
of the belt, so that the northem limit of the belt of 

... 

d!IJlOSits is 
lw<'ome sn 
southern 
isoradioac 
a,;surance 
tho isorn 

counter, i 
rm'.n t gens 
variablP, 
hour. 

In the 

rocks. 
The de 

\ r t3 i ll ZL4# I h%44 L JJ b.. 4- 41 )Rc;;:p 4iii lit )§8£ te;U q .; 4MW.AQ$.Ji44iil ,Utu4¥J a;, PR. :; . 4 4 I AMI .. ! ilk tlf•m. l!$lt .n:c;;:; 



tl 
~ ·y trrt 11::1 nrw lZttr tt::Str r -rm'W 'rr mertr:nw m r:r r r r:n nts " a 

·<-<-~ 
'it 1 nnzn " : T · n ttrttd I 

lonP. i.; ar , : 
~-OIIP. dtn•ot;. 

ich int•·" ... 
:saud rru·!\ 

,<;,I\ hio·J, lr• 

1 an.• llo·.lf). 

foot t hr,·k 1• 

far :.!'l't·. 11 , ~ 
sills, tiH"'" 
ak at a J,:. 
tion f,y d:.1 

es that 1!.. 
:served. 

3andy lllll.o• 

isaa1, 
asn·:c· 
_ p limb a:, 
•.lees whi.-1, 
. In addt 
nany intra 
'I the Sf!11c 

he thickt>n 
•'>, the a~•·, 
cture-;. 
e set that 
.t and 1w·r 

13). Tlu· 
1abasl• di f. 
suggP;,t a 

EPOSITS 

the Sand.1 
scintilla 

tiun·· 
In ,.. I· 

elliptica I 
feet wido•. 
~teep limb 
ed norrh
eorigin:tl 
ut. the in
<>entatin•. 
.thet· ,;id•• 
'lgih j,; :1 

,ost l'll<'k" 

( \\'l'St or 
not bt>t'll 

orth sid•• 
"\ belt or 

URANIUM DEPOSILTS 101 

,,.1,,-;its is sharply defined. To the south the deposits 
'·•·onte smaller and more widely spaced; therefore the 
..,11 t hem boundary is only arbitrarily defined. An 
.oradio:tctivity line could be drawn with reasonable 
1.-ur·:mce only on the north side of the belt. North of 
.,,.. isoradioactivity line the radioactivity of the host 
Jrmt-stone and sandstone, as determined by scintillation 
.·nunter, is generally equal to or less than 0.005 milli
n••ntgens per hour, whereas south of the line it is 
.-arinhle, but mostly rubove 0.005 milliroentgens per 
!tour. 

In the structurally high area, near the anticlinal bend 
of the monocline and on the limb, most uranium de
posrts are near the top of the Entrada Sandstone; 
I•K·ally they extend upward into the limestone. In the 
-tructurally lower area, deposi-ts are well within the 
,rratigraphically higher limestone. Thus, any one sec
t ion across the belt would show that the deposits are in 
·1 narrow zone that passes from the Entrada in the struc
fllrally high area to the Todilto in the lower area (sec
tion B-B', pl. 8 this report; Hilpert and Moench, 1960, 
:i!!'. 15). The group of deposits, in other words, is 
tilted toward the syncline less steeply than the host 
rocks. 

The deposits in limestone, none of which have been 
l'Xploited, are largely associated with intraformational 
folds. The deposits are probably elongate and sinuous 

0 2 4 6 FEET 
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like the folds, and possibly split into tw'o or more de
posits where the folds split. They are characteristically 
low grade; very few samples assayed more than 0.1 per
cent uranium, and samples from only two of the man) 
holes that the Anaconda Co. drilled revealed more than 
0.08 percent uranium. The highest grade samples con
tained only 0.22 percent uranium in a 2-foot interval. 

Figure 3fj illustrates a typical mineralized intrafor
mational fold. The uranium deposit, outlined by the 
one-tenth milliroentgen isoradioactivity line, is largely 
in the massive thick-bedded limestone in the center and 
at the base of the fold. Chemical data substantiate the 
isorads fairly well (fig. 36). The uranium deposit is 
separated into three parts by two diabase sills; but as 
the lower sill is about 20 feet thick, the lowest segment 
of the deposit is not shown in figure 36. 

Minerals of hexavalent uranium, mostly tyuyamunite 
or metatyuyamunite, are abundant; carnotite is sparse. 
Much of the vanadium is in vanadium clay along the 
bedding planes in the limestone. 

Deposits in the Entrada Sandstone are semitabular, 
roughly parallel to the stratification, and are generally 
larger and higher grade than deposits in the limestone. 
Their tabular form is modified by rolls. Drilling by 
the Anaconda Co. revealed considerably more ore-grade 
material in the Entrada than in the limestone, and 

EXPLANATION 

Limestone breccia Diabase 
Massive 

~ ~I 
Limestone Aragonite 
Laminated 

[3 D • 
Limestone Coarse calcite 

Massive, thick bedded 

~0.5-r-r-r!"' 

Isorad 
Radioac-ttv-ity in milliroentgens per hour; 

hachures potnt in directwn of htgher 
radioat'tiv1ty 

F6t----r~nl F9+~~~8 
Channel sample Selected specimen 
Showing percentage of uranium (uppl'r) 

and l'trnndium (loll'er). Atu.l.ly:•res: E. J. 
Femtellfl and J. Wahlberg 

F.IouRE 30.-Sectlon across uranium deposit In Todllto limestone, Sandy mine. 
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assays of seYernl samples reYMled more than 1 percent 
u.o •. 

Tlw deposit prospocted by Pit II (pl. 8) is at single 
roll that conneets two thin tabular layers (fig. a7). In 
a gully northeast of the prospect pit, the deposit is a 
thin tabular horizontal layer that is exposed about 7 feet 
m.Jow the Todilto-Entrada c~ntact. In the pit this 
layer thickens and cun-es sharply upward in a roll and 
thence flattens farther southwest in a thin layer about 
2 feet below the formational contact. As seen in out
crops farther west, this layer rises stratigraphically and 
crosses the contact near the anticlinal bend of the mono
cline (pl. 8). The roll is about 5 feet high and 5 feet 
wide and trends about N. 45° W. This direction is not 
parallel to any known sedimentary or tectonic 
structural feature. 

The deposit is largely oxidized, and probably all of its 
uranium is in the hexavalent state. Uranium is domi
Jutntly in carnotite, and vanadium is partly in nnadium 
clay. The higher grade ore sample from the deposit 
contains 0.044 percent uranium, and 0.576 percent 
vanadium (fig. 37). 

The Pit I deposit is the largest single deposit in the 
Sandy mine and is the chief source of ore mined in this 
area. It is on the west end of a narrow east-trending 
belt of deposits about 600 feet long (pl. 8) which, prior 
to erosion, may haYe been a single .deposit. At its west 
end the belt is well below the Entrada-Todilto contact, 
but near its east end it is directly under the contact and 
locally extends upward into the limestone. 

The ore exposed in Pit I is various shades of gray, 
which contrasts with the nearly white barren Entrada 
Sandstone, and is only partly oxidized. RelatiYely low
grade ore is mostly homogeneously light to medium 
gray, but the highest grade ore is black an.d strongly 

Southwest 

mottled. Exposed near the west end of the dt'po,..i1 ~,.. 
a few 1- to 2-inch-thick concretions of urnninitt1 >lit 

rounded by pyrite that are flattened parallel to tht• '"'' 
ding. The dark shades of the ore are giwn by coflinn .. , 
uraninitt·, and vanadium clay; carbonaceous mnth•r ,, 
sparse. The highest grade ore specimen contninl•tl J.:;. 
percent uranium and 0.5 percent vanadium; the nwral-'• 
ore grade is about 0.1 percent uranium and 0.08 pl'l"l't•t•t 
mnadium (table 6). 

The general fonu and stratigraphic position of tl.r 
deposit in Pit I are shown in figure 38. Section ..t-,1' 
is based on logs of six drill holes, as well as a map oft),.. 
surface exposure. The other three sections are ha,..,,j 
largely on a map of the surface exposure. Drill ho], .. 
that are outside the pit and are not on the lines of ~~· 
tion outline the limits of the deposit. The low-gratlt· 
halo is mostly below the Entrada-Todilto contact; onh 
in the westernmost section does the halo rise as high a·
this c~ntact. 

Roll structures have gradational 'boundaries mark(•d 
only by a subtle darkening of the rock. A sequenct> of 
nine samples across the conc:we roll boundary expost'd 
in the north side of the pit (fig. 39) shows a gradual in· 
crease in uranium and vanadium content from light to 
darker sandst~ne. The sample representing the full 
thickness of mineralized rock and the samples tak(•H 
above and below the deposit also confirm the visibl!• 
distribution of ore. The roll axis trends about pat~lllt•l 
t~ the cross-stratification in the Entrada, which ht>l"l' 
strikes about east and dips as much as 30° S. 

RELATION OF DIABASE TO URANIUM DEPOSITS 

The diabase sills and dikes intrude, displace, and lo· 
cally metamorphose the uranium deposits. (See fil!. 
36, this report; Moench, 1962a; and Moench and MP~ 
rowitz, 1964.) At least five holes drilled by the Ana 
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~'IoURE 37.-Pit II deposit, Sandy mine, showing sample distribution and uranium and vanadium contents. Analyst;;: 
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Fzouu 88.-Uranium deposit in Pit l, Sandy mine. Solid line in each profile is outline of open pit. 

•mda Co. penetrated mineralized limestone or sand
··me that is intruded and separated by 18- to 54-foot
·.lt'k unmineralized diabase sills. An inclusion of min
~tlized limestone in the diabase \Yas mined in Pit III 
~nter of section A-A', pl. 8); drilling revealed a 
~mium deposit. direct.ly below the sill. 
.\mount and distribution of uranium in the sills here 

·.,{in the Jackpile mine are similar in some respects. 
t:rhough the sills in the Sandy mine nowhere Rre ore 
·-u!e, uranium does appear to be concentrated in the 

·.IJed borders where the sills intrude deposits. Chilled 
' l'llers in rontact with the uranium deposits shown in 
·"ll'll 36 contain as much as 0.0055 percent uranium, 
•ereas diab..'lse elsewhere in the mine area, but far from 
'nown uranium deposit, contains 0.0005 percent or Jess 
'tnium (analyst, Dorothy L. :Ferguson). 

CRACKPOT MINE 

The Crnckpot mine is in the southern part of the 
l;:una district, about 7 miles southwest of Laguna 
: 3) ; it is nccessible by poor roads south from Mesitn, 

on U.S. Highway 66, and east from the road to Acoma. 
The deposit, mined by a small open-pit operation, is 

the only one in limestone of the Todilto Formation 
that has produced a significant amount of uranium ore. 
In August 1955, when this study was made, the deposit 
was mined out; its total production was 3,214 tons of 
uranium ore averaging 0.13 percent U,Os and 0.33 per
cent V20s (table 6). 

The unoxidized ore mineral~uraninite( ?), vana
dium clay. and pyrite-are distributed along bedding 
planes in the stratified limestone and along grain bound
aries in the massive limestone. Tyuyamunite appears 
to be the dominant mineral of hexavalent uranium. 

The limestone at the Crackpot mine is distinctly 
separable into :t stratified unit 6-8 feet thick and an 
overlying massive unit 15 feet or more thick. In the 
stratified unit siltstone laminations at intervals of about 
2 inches give the rock a slabby or phtty parting. The 
mnssive unit is composed of relatively massive coarser 
gt'ttined limestone that is tr:wersed by irregular sub
horizontal deformed bedding planes. 

WI' 4 '1(4 . X.M4# ,., $£(£ ' :::;;:;; :w @It JJM&.U:. 44.,.. 1 
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FIGua>o 39.-Small roll in north side of Pit I, Sandy mine, 
showing sample distribution and uranium and vanadium 
content. Analysts: E. J. Fennelly, W. D. Goss, and H. H. 
Lipp. 

The top of the Entrada Sandstone immediately north 
of the mine strikes west-northwest. and dips gently 
north, forming a north-facing monocline which is prob
ably related to the Jurassic system of folds (pl. 9). 
In the mine and to the west 1tnd south this horizon is 
characterized by se\·eral low-amplitude small domes 
and basins. The dominant structural feature formed 
by the top of the Entrada in the mine is a doubly 
plunging northwest-trending anticline, which is p[l,rt of 
a broad fold that diverges southeastward from the 
trend of the monocline. In the open pit the major 
structures in the Todilto reflect the form of the top of 
the Entrada fairly well, but minor structures commonly 
have very different orientations. The top of the strati
fied limestone unit only approximately conforms to the 
top of the Entrada. 

The stratified limestone is deformed by many small 
intraformational asymmetric folds whose axial planes 
dip at low angles toward their structurally raised sides 
(pl. 9). Their axes bear east-west to northeast, and 
rarely northwest. The axial plane of each minor, 
asymmetric fold passes downward within a foot or two 
into a bedding-plane fault, or into a low-angle thrust 
fault that breaks across two or three beds. The fact 
that these faults have slickenside striae that are oriented 
about. normal to the fold axes (pl. 9) suggests that the 
minor folds and faults are directly related. 

Two nor1hwest-trending fmcture zones in the strati
fied limestone, which :tre exposed in the open pit (pl. 
!)), are :thout 5 feet high and IL few feet wide and dip 
steeply toward one another. OpeninJ.,rs dong l:he fmc
tures are as much as 4 inches wide and are filled with 
calcite and dolomite. Carbonafe-filled fractures have 
been displaced l:ttcrally along bedding-plane faults. 

Slickt>nside striae are conspicuous on these faults wlwrP 
t.hey cut the steep fractures. Some slickensided l)('d. 
ding-plane faults, however, are sharply cut. and sli~htl~ 
displaced by steep calcite- and dolomite-filled fmctun·,. 
These relations indicate that the two fraoture zon!', 
formed contemporaneously with bedding-plane RliJ>· 
page and probably during the forma~ion of the small 
asymmetric folds. Because of the width of t~te fr:l('· 
tures and their limited vert-ical extent, they are mfern·<l 
to haYe formed by shrinkage of bedded limestone dur 
in<T consolidation. Their orientation might have bet>11 

go~erned by the doubly plunging anticline that is l'X· 

pressed by the top of the Entr~da (pl. 9) .. 
Cenozoic joints are :tbundant m the open p1t, and til!' 

pattern is consistent with that recognize~ througl~ont 
the district (pl. 4). Except for local co:thngs of lug-h, 
valent. uranium minerals and some soft fine-grainl~l 
carbonate minerals, these joints :tre not mineralized. 

Plate 9 shows the areal distribution of the uranium 
ore and of the halo of low-grade material surroundin!-" 
the ore. The ore body occupies the crest of the mail! 
northwest-trending doubly plunging anticline, and a 
narrow arm of the deposit extends along the southwl',t· 
trending extension of the anticline. The ore body i, 
about 110 feet long and 60 feet wide, except in tlw 
extension; drill-hole data indicate that the deposit i·· 
about 11 feet thick near the center. The halo of low
grade material extends from the deposit in three ~nns. 
Two arms extend west-northwest and east., respective I~·. 

f . 1 from the ore body, :tnd approxim:ttely con orm wiLt 
structural highs. The third extends southeast beyond 
the southwest extension of the ore body and apJWal' 
to haYe little relation to structural fe:ttures. 

The Crackpot deposit is shown in three dimension_s iu 
the fence diagram on pl:tte 9, which was comp1!Nl 
from maps of the open pit and from _An:teon~a Co. 
drill-hole d~~;ta. The ore body is dommantly m till' 
stratified limestone, but it extends upward several f('(:t 
into the massive limestone. The bottom of the depo.-_11 
is locally on the top of the Entrada Sandstone, but HI 

most places it is a foot OJ: more above this cont:_t•·t 
The lateral boundaries of the ore body have roll-llk•· 
constructions :tbout on the c_ontact between the stratiliP•I 
:tnd massive units. .. 

AGE O:E' URANIUM DEPOSITS 

Many aspects of the origin of Colorado Plat!•au 
uranium deposits remain enigmatic, partly be(':~u._. 
there is no conclusive evidence of the age of uranlllfll 

f · J • • en•nt' deposition relative to the :tge o maJor h'llO ogJ(J f 
that affected the surrounding terrane. For l:u;l• " 

I 

definite <rcologic evidence, the postulated Late Cfl•t" 
"' • • ' tlw ceous or early Tertiary age of uramum depostts 10. 
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,,otope data (Stieff and others, 195:1), is accepted hy 
111:tny pl:tteau g~>..ologists. In spite of the discord:mt 
t!!''' oht:tined from the.<;e data (Stieff and Stern, 19!i6), 

1 '"" work appears to have influenced many plateau geol
ogi•ts more than all other geologic evidence combined. 
\lor'P recent. isotopic data are similarly discordant ami 
!tk1•wise do not indicate absolute ago (Miller and Kulp, 
1!11;::). The geologic relations summ:trized here for the 
I .ag-nna district favor greater ages than are commonly 
l'""tulated for other p:trts of the plateau. Briefly, the 
,J,•posits are closely associated with ,Jurassic structural 
r.•aturos and appear .t,o be older than Cenozoic features 
.uul igneous rocks. 

l'ra.nium deposits in the Jackpile and Sandy mines 
11We intruded and metamorphosed by Tertiary diabase 
dikPs and sills, which are probably the oldest igneous 
rocks in the district. The deposits also appear to be 
nlder than the Cenozoie fractures, as these fractures 
h:tre neither localized uraniferous carbonaceous matter 
nor influenced the trends of ore bodies. The relations 
between Cenozoic fractures and ore in the Laguna dis
trict are consistent with those described by Gmnger, 
:-:antos, Dean, and Moore (1961, p. 1188-1191) in the 
.\mbrosia Lake district, but they are less complicated. 
There, stratigraphically eontrolled unoxidized prefault 
ores are distinguishable from unoxidized postfault ores 
that tend to parallel the strike of faults and probably 
fonnecl by redistribution of prefault ores. Unoxidizecl 
postfault ores have not been reeognizecl in the Laguna 
rlistrict. 

On the assumption that the inclined oro rods were 
rertical when formed, it is postulated that the deposits 
formed before Late Cretaceous or early Tertiary tilting 
on the margin of the San Juan (fig. 28). That the 
nmin .Jackpile ore l:tyers approximately conform to the 
1---..entle northwest dip is consistent with this interpreta
tion. If the ore layers formed during or after tilting, 
they might be more nearly horizontal than the strati
fication, as they are in the group of deposits at the 
Sandy mine. (See Hilpert and Moench, 1960, fig. 15.) 

In eontrast to Cenozoic structural features, those of 
.Jurassic age have localized uranium deposits in many 
ways. Intraformational folds in Todilto limestone 
(fig. 36; pl. 9), small penecontemporaneous i'a.ults in 
the .Jackpile s:mdst{)lle (fig. ~9), and sandstone pipes 
all exhibit nmrkt>d localizing t>ffects. These structures 
fonned during or shortly after accumul:ttion of the 
units that cont~lin them. In the S:wdy mine, uranium 
deposits are localized nminly along the steep south
facing limb of :t .Jurassic fold (pl. 8). Bt>{'.'tuse t.lte 
Todilto lime~tone is t:hickest. in the structumlly low 
:trea, this fold probably formed during or shortly after 
accumuhttion of the limestone. Tho uranium deposits 

form a zone that is more nearly horizontal than the 
stratification and that cro&'IDS from the Entrada, in the 
stmet.umlly higll are:t, to the stmtigraphically higher 
Todilto in the low areas. (See Hilpert and Moench, 
19GO, fig. l!i.) This transection probably means that 
the deposits are, in part, younger than the folding. The 
fact that the zone of deposits is also tilted toward the 
syncline could mean that the deposits formed during 
folding. Further, the Jackpile deposit is elongate 
parallel to an inferred ,Jurassic anticline (pl. 6A), 
which sugg-ests that this anticline somehow influenced 
localization of the deposit. 

In summary, the· geologic evidence appears to bracket 
uranium deposition to the period between the formation 
of ,Jurassic structural features and Late Cretaceous or 
early Tertiary tilting. Within this interval, all deposits 
could have formed at the same time or at widely 
separate times. They could have formed during or 
shortly after the accumulation of the sediments that 
contain them, or much later, after deep burial. In our 
opinion the deposits in the Entrada Sandstone and 
Todilto Formation formed shortly after Todilto sedi
mentation, and deposits in the :.\Iorrison Formation 
formed during or shortly after Morrison sedimentation, 
or at the latest before Dakota sedimentation. This 
interpretation is consistent with the structural and 
stratigraphic evidence, and it is likely that the environ
ments for the various processes inYolved in the forma
tion of the deposits were optimum then. 

ORIGIN 

The southern San Juan Basin mineral belt was local
ized by sedimentary and tectonic features that existed 
or originated when the I~ate Jurassic host sediments 
accumulated. At that time a broad east-trending high
land existed south of a broad but shallow basin in which 
continental sediments were being deposited (McKee and 
others, 1956). and this highland was the major source of 
sediments in the southern part of the basin. Near the 
approximate boundary between erosion and accumula
tion, and perh:1ps elsewhere, gentle warps formed along 
axes that were about parallel to the highland. At 
places these warps localized streams and received un
usually thick lenticular accumulations of fluvial sands, 
as the ·.Tackpilt' sandstone. Surface and ground waters, 
of the type outlined by Hostetler and Garrels (1962), 
flowing from the highland may have extracted uranium 
and vanadium from the rocks and transported them to 
the sites of deposition. Such watt>rs might also have 
extracted soluble humic compounds from surficial or 
buried decaying plant debris (Vine and others, 1958). 
Thest' substances may have been precipitated together 
where the flow was impeded hy the prominent, strati
graphie and ,Jurassic tectonic structures Umt character-
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ize the mineral belt. Impedence of flow might lead to 
reduced oxygen supply and increast>d actiYity of an
aerobic sulfate-reducing bactt>ria; tht> resulting chemical 
changes in the ore-bearing ground waters would reduce 
its capacity to carry umnium, vanadium, and perhaps 
humic compounds. 

SOURCE 

Although the source of the major ore components is 
unknown, we believe that the most logical place is the 
host sandstones, and perhaps the rocks that were exposed 
in the broad Jurassic highland in .Tumssic time. Both 
the Entrada and J ackpile sandstones have been partly 
altered, and both alteration zones can be traced con
siderable distances south of the mineral belt. Kaolin
ization of the Jackpile sandstone and stratigraphically 
lower standstones where they are truncated by the Da
kota Sandstone apparently occurred during e,xtensive 
weathering and erosion prior to Dakota sedimentation. 
Though we have no supporting eYidence, it is con
ceivable that uranium, Yanadium, and other elements 
were extracted from the rocks during weathering. 
Alteration of the Entrada Sandstone may also have been 
an early postsedimentation phenomenon. Preliminary 
chemical and petrographic data indicate that iron, 
vanadium, copper, and possibly titanium, silver, lead, 
zinc, and uranium have been leached from the sandstone 
(table 2). These data are in approximate accord with 
those resulting from the more detailed work of Shawe, 
Archbold, and Simmons (1958, 1959) in the Slick Rock 
district of Colorado. 

The abundant relict Yolcanic rocks of the Brushy 
Basin Member of the Morrison should not be overlooked 
as a possible source of elements. Waters and Granger 
(1953) suggested that ground waters may have leached 
alkali metals, uranium, and vanadium from Yolcanic ash 
during devitrification. Garrels ( 1957) suggested that 
the devitrification of Yolcanic ash in the presence of 
ground water will produce optimum solutions for the 
transportation of uranium and vanadium, and that these 
solutions will extract uranium from almost any medium 
they meet. This possibility cannot be tested by petro
graphic and chemical studies, however, because devitrifi
cation apparently destroyed the evidence. The paucity 
of relict volcanic tuffs stratigraphically near the En
trada Sandstone and Todilto Formation almost pre
cludes this source for elements in deposits of this inter
val, although the thick bentonitic deposits in the Chinle 
Formation a short stratigraphic distance below are a 
possible source. 

TRANSPORTATION 

Hostetler and Garrels ( 1!)62) defined limitations. on 
low-temperature natural solutions capable of trans· 

porting abundant uranium and vanadium. Bridlv 
thl'Y reported that the optimum expectable solutiot;: 
nre wenkly alknline and moderately reducing nnd h:\\,. 
nn aYerage, or larger than average, conrt>ntratiou 1,f 
dissolved carbonate minerals. Such tt solution i~< si1ui 
Jar to some natural ground waters. Significnntly. "I' 
timum solutions for the transportation of uranium and 
nmadium could also carry large amounts of akali. 
soluble humic compounds, or humic ncids (Vint> and 
others, 1958). Although Hostetler and Garrels ( 1\h~:.! 1 
considered the problem of uranium-vanadium tran~port 
in terms of rather deep subsurface waters, near-sudan· 
or surface waters of the type they described are neirlwr 
unlikely nor uncommon. 

Surface and ground waters of this type flowing fr,,u, 
the ,Turassic Mogollon Highland conceivably extra('tt•d 
uranium and vanadium from the rocks and transportt•d 
them to the area of the mineral belt. Humic compomhl< 
might have been extracted from decaying plant debri• 
in the source area, in the area of the mineral belt. or 
in the full distance between. In the course of th~ 
journey, uranium and vanadium may have been precipi
tated at places as carnotite by locally more oxidizinl! 
conditions (Hostetler and Garrels, 1962), or as uran
inite, coffinite, and vanndium clay by locally more !\'· 

ducing conditions, only to be redissolved and carri<·d 
to a permanent site of precipitation, much as po~tn· 
lated by Gruner (1956b). 

PRECIPITATION 

Uranium, vanadium, and humic compounds may han 
been precipitated where ground-water flow was impe<1Pd 

somewhat by the prominent stratigraphic and tectoni<· 
structures that characterize the mineral belt. Im
pedence of flow would induce chemical changes in the 
ore-bearing solution and reduce its capacity to carrY 
the main ore components. For example, stagnation in 
areas of impeded ground-water flow might stimulatt• 
reduction of sulfate by anaerobic bacteria; the hydro 
gen sulfide thus generated might effect reduction and 
precipitation of uranium (Jensen, 1958). In additim1. 
weak acidification by hydrogen sulfide might also f'an-•· 
precipitation of humic compounds, which in turn wonld 
tend to extract more uranium from solution. Tlw 
great affinity of uranium for humic acid is well kno" !I 
(Vino and others, 1958; Szalay, 1954, 1958; ~fanska~a 
and others, 1956). 

Although impedence of ground-water flow would un 
deniably reduce the supply of uranium and mnadiun• 
to a given site of precipitation, it seems that tl11l pr.,b 
!ems of precipitation are greater than those of supp1.1 

per unit time, and that these problems are most l'a"d.' 
satisfied by impedence. Complete stagnation would 
mean that supply had been cut off; but impedenct•, or 
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".,{lwt ion of ground-water flow velocity, would result 
.n a fa \'orable environment for precipitation while some 
·'~l't'ly was maintained. In fact, possibly neither tlll' 
,,.,,.! ground-water input to the zone of impedencc nor 
rhn disdmrge would be redueed :tt all. Impedencc 
111 J!.'ht mean only that a given amount of ground water 
rl<~lll'd thi'Ough a larger volume of sand; and, hence, 
!I••" I'd more slowly; this type of impedence implies 
'"'"" degree of ponding. 

The shape of the .Tackpile sandstone body (pl. 3; 
~· hh•e and :Moench, 1V61, fig. 3) is ideal for partial 
l"'"'ling and impedence of ground-water flow. All the 
•l;!llificant uranium deposits are in the generally thick
···t p:ut of the sandstone body-hence, in the deepest 
!'arts of the Jurassic syncline in which the Jackpile was 
,f<·posited. In all directions, except northeastward, this 
1111it is unconformably truncated by the Dakota Sand
,rone; even northeast of the major uranium deposits the 
unit thins markedly. Thinning to the n01theast is ex
pressed in a broad north-northwest-trending zone that 
may reflect a broad Jurassic anticline that trends about 
normal to the length of the sandstone body. This 
means that most of the uranium deposits are in a basin
like depression that formed prior to Dakota deposition. 
.\.s ground-water flow was probably eastward or north
ca~tward away from the Mogollon Highland, constric
tion of the sandstone northeast of the main group of 
uranium deposits would almost certainly have trapped 
ground water in the depression both before and after 
Dakota sedimentation. Partial stagnation in an area 
of many square miles within the depression would have 
prov~ded :m ideal environment for the precipitation of 
uranmm. 
If a fairly continuous flow of ·uranium-bearing water 

into such a depression is required for the formation of 
large uranium deposits, mineralization in the district 
probably predated Dakota sedimentation. After the 
Dakota was laid down, ground-water recharge of the 
.Tackpile was undoubtedly greatly reduced. The Jack
pile sandstone is bounded laterally and below by virtu
ally impermeable mudstone.'l of the Brushy Basin Mem
ht>r of the l\Ionison, and it is capped by Dakot:t Sand
stone. In the Laguna district the Dakota has low or 
modemte lateral transmissivity (.Jobin, 1962); it is not a 
g-ood :tquifer (Dinwiddie, 196:3, p. 217). The thin but 
extrusive black shale stratu, particularly where they are 
at the base of the Dakota, would inhibit the exchange of 
wate1· between the Dakota and .Tackpile sandstone 
hmlies. 

If the on•s formed shortly after accumulation of the 
host :<Nlinll'nts, as postulated, the pn•vailing tempera
tun' must have been low. No available evidl'nce eon
dusin•ly indicates that tempemtm·rs of ol't'-hearin~ 
:;olutions Wl'l'l' any gmater than those of the rocks 

221-688 0-66-8 
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through which they passed, nor above common avernge 
annual surface temperatures in regions having warm 
climate. Tempet11tures where the ore was deposited, 
based on maximum depth of burial in Late Cretaceous 
or early Te1tiary time, are unreliable because of the widl1 
range of possible geothermal gradients (Weeks and 
Garrels, 195[), p. 8); possibly, however, the ores were 
not deposited at maximum depths of cover. Tempera
tures postulated from scant mineralogic evidence (Cole
man, 1957) and from the experimental extraetion of 
humic compounds from coal (Breger and Chandler, 
1960) for other parts of the Colo1·ado Plateau roughly 
agree at about 1000 ± 45°C. This may only represent 
the prevailing temperature range at maximum depths 
of burial. If sulfate-reducing bacteria had a major role 
in the mineralization (Jensen, 1958, 1963; Jensen and 
others, 1960), the maximum temperature was probably 
less than 60°C (.Jensen, 1963, p. 185). The suggestion 
of Abdel-Gawad and Ken· (1961, p. 417) that the cof
finite-bearing deposits of the Colomdo Plateau formed 
at temperatures of 200°-360°C is based on the high
temperature laboratory synthesis of coffinite by Fuchs 
and Hoekstra ( 1959) and on the presence of coffinite in 
some Yein deposits. The same reasoning can be applied 
for the formation of pyrite, which is also abundant in 
some recent sediments. However Abdel-Gawad and 
Kerr (1961) failed to mention that Fuchs and Hoekstra 
(1959, p. 1060) believed that coffinite might form in the 
laboratory at considerably lower temperatures if it were 
gi,·en more time. 

Many deposits in the district may have formed below 
a water table. .A w:tter table might account for peculi
arities in 'the distri'bution of uranium deposits and of 
unmineralized carbonaceous materials. The Jackpile 
deposit contains several ore layers that are wholly 
within the sandstone. A sandstone pipe (pl. 6B) well 
above the main ore layer in the southern part of the mine 
contains abundant unmineralized low-rank coal frag
ments. As some low-rank coal is c:tpable of extracting 
nearly all uranium from an aqueous solut.ion (Moore, 
1954), the coal in the pipe probably would be mineral
ized if uranium-bearing solutions ever eame in contact 
with it. This relationship might be explained by postu
lating that a water table extended below the coal a.nd 
above the main ore body during mineralization. Like
wise, the distribution of uranium deposits in the Sandy 
mine might. be explained by postulating that the de
posits formed below a water table that crossed the gently 
folded Entrada-Todi}to contact. 

'Vatt•r-table conditions rould have prer-:tiled in the 
zones of the uranium rlcposits only immrdiately after 
scrlimentation of •the ho:>t rocks. Subsl'quently, the 
roeks must. have n•mairwd satumted until r·cc.e.nt uplift. 
and erosion. The Entrada Sandstone might have been 
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partly desaturatoo shortly nfter the Todilto ~psnm 
0\':t pot·itl'S fm·med, OI' JX•rhaps when Bluff SC(limentat ion 
het'ame dominantly eolian. 'V~tter-table conditions un
doubtedly also Pxisted during :H"l'Ulllllhltion of the 
llm·ia I Morrison sands, and also during tlw possibly long 
period of erosion that preceded Dnkot:t sedimentation. 

Other geologists haYe recognized the possible role of 
watl'r •tahlrs in the fo11nntion of uranium deposits. 
l•'ischer, Haft', nnd Hominger ( 1947, p. 127) suggested 

1 that the Yanadium dt>posits near Plact'rville, Colo., 
' formed aJ a slightly nnenn wllter table,, or at the cont:lCt 
, between ground waters of two types, and definitely be
, fore major structual eyents afl'ected the region. Marks 
( 1958), in his study of ground water in the Gas Hills, 
"'yo., uranium at't'a, noted tha:t "most above·notmal 
concentrations of uranium occur at local water-table 
depi't'ssions or at water-table terraces where the gra
dients of the wn'ter table flattens." He attributed such 
concentrations to local impedence of ground-water flow, 
which pennitted reducing agents to precipitate larger 
amounts of uranium. In the Maybell district, Colo
rado, 'V oodmansee ( 1958) postulated that uraninite 
and coffinite deposits probably formed originally at and 
below a paleowater table. As the water table lowered, 

, reduced deposits "stranded" above tlie water table be
came oxidized; uranium was leached by downward-
mo,-ing water and was concentrated along the oxidation 
boundary some distance above the water twble. 

Other types of subhorizontal fluid boundaries might 
haYe limited the vertical distribution of ores in the 
Laguna district, but their actions are less plausible. A 
petroleum-water interface would be subhorizontal and 
would limit the vertical distribution of any deposits 
that might form near the boundary. There is no evi
dence, however, that large quantities of petroleum ever 
passed through the rocks of the area. The fluid bound
ary might also have been the contact between two fluids 

. of contrasting salinity. The saline waters that pro
duced the Todilto limestone and gypsum may well have 

· been in contact with fresh waters that flowed into the 
basin from the southwest. ·when the Cretaceous sea 

'advanced, sea water undoubtedly encroached on and 
displaced fresh water contained in the Morrison Forma
tion. As the density of salt water is greater than that 

•of fresh water, the contrasting bodies of water should 
have been stratified. Density stratification is known w 
occur on Long Island, N.Y., where pumping has caused 
the landward movement of salt-water tongues at the 

. base of fresh-water-hearing sand aquifers (Perlmutter 
and others, 1959; Lusczynski and ~wartenski, 1960). 
The salt water-fresh water boundaries have gentle land-

ward gmdients and ure characterized by diffusion zon..,. 
tlmt. rnnge from a few tens of feet to more than :!•~• 
feet vN·tically. The existence of such broad dilfusio11 

boundaries in this area of rapid snlt-wnter encroal'}1. 

ment-as much as 2,000 ft>et in 61;2 years (Luscz~·nsk1 
and Swarze-nski, 1960)-suggests that compara.ble intl'r
fnces in the ,Jurassic sediments are not likely to haw 
been responsible for the observed vertical distribution 
of ore. Also, changes in salinity might not have had 
much effect on the capacity of ground water to carrv 
uranium and vanadium (Hostetier and Garrels, 19G2. 
p. 154, 155). Possihle sub horizontal boundaries be
tween ground waters of contrasting temperature are not 
likely, because there was no evident source of abnor
mally warm water prior to Tertiary fracturing and 
igneous activity. 

Two lines of e,·idence against •the water-table hypoth
esis for the Jackpile deposit may be cited, but both an• 
inconclusive. First, the careful observer will not{' thr 
small mass of ore near the sandstone pipe and about at 
the leYel of the unmineralized coalified debris (pl. 8B: 
fig. 30). Though this indicates that ore-bearing solu
tions did, in fa.ct, pass through the vicinity of the un
mineralized coal, it does not preclude the water-table 
hypothesis. The small mass could have formed during 
a brief period of mineralization when the water table 
rose after the main mineralization; the small amount of 
uranium (about 10-15 ppm) in the coal could have bt:'en 
ac.quired during the later stage. Second, the fact that 
I. A. Breger (written commun., 1959) was unable to ex
tract humic acid from a fragment of coal from the pipe 
in wa1m alkaline solutions may me:tn that soluble humir 
acids were leached prior to mineralization, and hence. 
the coal lost its uranium-fixing capacity. Szalay 
(1958) noted that when humic acids are extracted from 
peat by an alkaline solution, the peat loses much of it~> 
uranium-fixing capacity. On the other hand, most of 
the coaly materials in the pipe contain resinlike sub
stances for which uranium should have some affinit.y. 
because resin is used in milling to extract uranium from 
solutions. 

With the possible exceptions of local barrier effect.' 
and possible flowage phenomena (such as ore rods). 
there is no satisfactory explanation for the boundari~'» 
of ore. Boundaries are sharp or gradational, and man) 
cut steeply across sedimentary structures. At plaees, 
entire ore layers are in the middle of otherwise homo
geneous sandstone, which suggests that ore was preeipi
tated at the interface between contrasting solution~. 
In the Slick Rock district, Shawe (1956) postulated 
that ore was precipitated at the boundary between enol 
connate water and warm ore-bearing water. In t.lw .. 
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J,agurm district, however, there was no ready source of 
11 arrn water at the appropriate time. 

It is possible that ore was precipitated at the boundary 
~ot-t wpen solutions of contrasting pH and Eh. Consider 
:t lllodel in which uranium- and vanadium-bearing 
!!round waters move slowly through thick alluvial 
,and<;. At places the flow of ground water would be 
rnrpeded by sedimentary structures, abrupt changes in 
rile thickness of the sand, slump structures, and folds. 
\\'lrcr-e impeded, the ground water would become more 
,t ag-nant, more poorly aerated, and the action of sulfate
tt·ducing bacteria would be enhanced. Hydrogen sui
tide thus generated (.Jensen, 1958) would r-ender the im
pPdf'(l water more reducing and probably more acidic 
rhan the more freely flowing water. Uranium and 
1·anadium would then be precipitated by reduction 
1 Hostetler and Garrels, 1962) at the contacts between 
the impeded and free-flowing waters. If humic acids 
abo happened to be in the free-flowing ore-bearing solu-
1 IOn, they would be precipitated in stagnant water areas 
In· an increase in acidity and would, in turn, tend to 
r~tract more uranium from solution (Vine and others, 
1958). 

The boundaries between such solutions would have 
\·arious shapes that would partly depend on the direc
tion and Yelocity of the moving water and the kind of 
impeding stmcture. 'Where the boundaries cur,·e 
,harply across bedding, roll forms would result; where 
the position of such curved boundaries fluctuated, 
banded rolls would result. 

Clearly the problems of localization and precipitation 
of the major ore components are far from being solYed. 
One critical problem concerns the nature of the associa
tion of uranium and carbomtceous matter. The humic 
origin of the carbonaceous matter, though likeliest, has 
not been established satisfactorily. Further, it is not 
known whether uranium and carbonaceous matter were 
transported and precipitated together or separlltely. It 
is commonly assumed that carbonaceous matter, 
whether indigenous or epigenetic, caused the 1-eduction 
and precipitation of umnium. This idea is plausible 
heeause it permits extraction of uranium by earhona
eeous matter from very dilute ground waters owr long 
periods of time. On the other hand, it is conceiyable 
I hat uranium was precipitatl'd first and later extr:wted 
c:u·bonaet•ons matter fmm gl'Onnd water by polymeri
zation and dehydrogenation of petroleum or g:r.;;N>US 
hydrocarbons (see Charleshy, 1!)5-1: Davidson and 
Bowie, 1!l51: Pierce and others, HJ58; Ifol'kstr:t and 
Fuchs, l!l60, fm· disenssions of the processes). 'Ve 
f:n·ot· thl' ,-iew Umt. uranium, vanadium, and soluble 
humic compounds were tmnsported in dilull' eon(•eutl,t
tions :md Wt:'l'l:l preeipitatcd together. 

RESOURCES IN UNEXPLORED GROUND 

Because the ore-bearing units in the Laguna district 
dip generally nortlnn.>Stward, uranium deposits are exl 
posed at the surface only in one outcrop belt. North~ 
ward and northwestward the ,Jurassic ore-bearin, 
units are buried by Cretaceous strata to depths of sev
eral thousand feet below l\Ies:t Chivnto and Mount 
Taylor. vVe suspect that the southern San .Juan Basin I 
mineral belt extends northwestward bcne:tth the Mount 1 

Taylor volcanic field and the ~IcCarty's syncline to the\ 
Ambrosia Lake district, but there excessive depths will) 
prohibit prospecting for many years. East of the 
nort.h-trending San Ignacio faulted monocline on the: 
east side of the district, the ore-bearing beds are buried! 
beneath thick Cretaceous and Tertiary strata in the Rio(_ 
Grande depression. Again excessive depths, combined: 
with complex structure, will prohibit immediate pros-: 
pecting. Also, it is not likely that large deposits exist I 
in units other than the Jackpile sandstone. However, 
prosJ?ectors sh?uld not overlook the possibility t!1at\ 
uramum depos1ts may be found on the eastward proJe~
tion of the mineral belt in Jurassic rocks east of the R10! 
Grande depression and the Sandia-l\Ianzano .Mountains.\ 

Areas to the nm:th and south of the known limits of J 
the mineral belt are not generally famrable for pros- { 
pecting. To the south the ore-bearing units wedge out J 

on depositional and erosiona'i edges on the north flank, 
of the Jurassic ~Io(J'ollon Highland. The northern side: 
of the mineral bel~, 10-15 miles north of the Jackpile 1 

mine has been prospected, and a few small deposits have\ 
, 1 ' been found. The Jackpile sandstone extends nort 1east-. 

wa.rd toward the Nacimiento ~fountains and may con-: 
tain deposits well northeast of any known occurt·ence. \ 
If the mineral belt is genetically related to the south 1 

margin of ,Jurassic sedimentation on the flank of t~e; 
:Mogollon Highland, as we believe, significant depostts 
probablY will not be found much beyond the present; 
northeritlimit of the mineral belt. 1 

'V'e believe that tho mos~ major deposits will ~>e for.r_nd j 
in a \Yest-northwest-trendmg zone ttbout 10 nules '\1de, 
that is centered at the ,Jackpile mine. The most favor- 1 
able are:t for prospecting in the ,J:~ekpile sandston~ i,;j 
probably west of the Pa_L."ltah• depostt, along the pt'OJ~'('- 1 

tion of the Paguate-Saint "\nthony group of depostts.J 
The north and south margins and the northe:;st t'ntl of, 
this belt have l~n detined by drilling and surface expo-! 
sures. Excessi,·e depth of the ortdwaring unit farthm· 
west has inhibited snfiieiently close-spaced drilling there\ 
to define ore bodies. 

Bee:tuse the \Yest.water. Cany~n ~I em her of th~_Morri- \ 
son is the major ore-bearmg umt 111 the Ambrosm Lake 
district., tmd because it. contains a few snmll deposits on 
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1the east side of l\fesa Gi§,rlmte, it may have ore-bearing 
\potential in the Laguna district. If so, the area of 
'likely ore occurrences in the L:1gun:t district is consider
! ably enlarged. The \Vest water Canyon, as wdl as other 
'sandstone units in the Morrison Formation, may be 

1 thickest in the broad Jurassic syncline that localized the 
\ .Taekpile sandstone. In the northeast comer of the La
: guna district the \Vestwater Canyon .Member is excep
: tionally thick but not strongly mineralized. As the 
; .Tackpile sandstone contains only small deposits here, so 
ma.y the \Vestwatcr Canyon, possibly because of its dis

, tance from the )logollon Highland. Southwestward 
, toward the ,Tackpile mine, and then west-northwestward 
: tO\nml the Ambrosia Lake district, the \Vest water 

Canyon Member may contain significant deposits. 

1 ~he best prospecting proc~dure in these areas,. we 
, believe, would be first to drill through the Mornson 

Formation on 1-mile centers in an area slightly broader 
than that of the J ackpile sandstone. This likely would 
outline the thickest parts of the \Yestwater Canyon 

: and possibly disclose the shape of the unit. With the 
I target thus delimited, closer spaced drilling on 1,000-

( 
foot or closer centers could then be concentrated in the 
thickest parts of the unit. Because deposits rarely 

, exceed 1,000 feet in width, though they may be several 
\ thousand feet long, wider spaced drilling might easily 
l miss a large deposit. \Ye recognize, however, that the 
I present economics of exploration are not amenable to 
\ such deep drilling. If the economics of deep explora
j tion and mining improYe sufficiently, the whole area 
j between the J ackpile mine and the Ambrosia Lake 
1 district may be considered favorable ground, and the 
, \Vestwater Canyon l\Iember as well as the Jackpile 

sandstone should be prospected. 

Future exploration, in our opinion, should be con
, sistent with the concept of the southem San Juan 
, Basin mineral belt. Within the mineral belt the geom

) etry or shape of the potential host units, particularly 
', the \Vest water Canyon Member of the Morrison, should 
· be marked out before detailed prospecting for ore de
: posits is attempted. We believe that the ores probably 
. formed shortly after sedimentation of the rocks that 
~contain them, or at least before deep burial, and that 
\the mineral belt was controlled by near-surface condi
(tions that prevailed in a limited zone along the north 
'margin of the Mogollon Highland and the south mar
gin of Jurassic sedimentation. If this is true, as is in
,:licated by paleogeographic maps by McKee and others 
(Hl56), uranium deposits may well be found east of 
the Rio Grande on the approximate projection of the 
rnineral belt, as well as west or northwest of the Laguna 
Uistrict, provided favorable host rocks are present 

\

there. Such rocks include deformed limt>stone of tl.• 

Todilto Formation and fluvial deposits of the Morri"•ll 
Formation. 

In summary, paleogeographic maps probably pru\'i,J,. 
the best guides to the discovery of urnnium distr·i,·t
In our opinion the most fa,·orable regions are tho~•· n, 
which sediments were shed from a broad area of Wt•ath 
l'red granitic rocks, acidic volcanic rocks, or innnat 111 ,. 

clastic sedimentary rocks into an adjacent shallow ha~; 11 
of dominantly fluvial sedimentation. In addition, th~ 
permea,ble sediments near the margins of t11e ha~at 

should be characterized by many thickness changes anti, 
perhaps, by many subtle structural features. Tht':ot' 
features would impede the flow of ground wah•!'., 
change their character from weakly oxidizing or mod
erntely reducing to strongly reducing and from weakly 
alkaline to weakly acid, and provide the conditions un
der which uranium, humic acids, and other ore cout
ponents could precipitate. 
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